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I INTRODUCTION 
The ob jec t ive  of these s t u d i e s  is t o  develop q u a l i t a t i v e  and 
q u a n t i t a t i v e  t e s t s  fo r  the va r ious  enzyme a c t i v i t i e s  i n  s o i l  and t o  
adapt the most s e n s i t i v e  of these t o  procedures compatible with 
radiotelemetry from Mars probes. 
The f i r s t  p a r t  of t h i s  r e p o r t  reviews the e f f e c t s  of the physical 
environment of s o i l s  on the s o i l  b io log ica l  processes.  
regarding the e f f e c t s  of l i m i t e d  water a v a i l a b i l i t y  t o  microbial  and 
enzymatic a c t i v i t i e s  is emphasized. 
Information 
The experimental  p a r t  reports  on the enzymatic a c t i v i t i e s  and 
methods f o r  de t ec t ion  i n  a variety of s o i l s .  It is of i n t e r e s t  t o  
examine s o i l s  which may be found i n  adverse c l ima t i c  environments. 
Geologically o ld  permafrost s o i l s  and dese r t  s o i l s ,  s tored  fo r  more 
than ha l f  a century a r e  examined f o r  t h e i r  b io log ica l  a c t i v i t i e s .  
Considering the possible  pr imordia l  o r i g i n  of urea as an organic substance,  
emphasis is placed on t h e  de tec t ion  of urease a c t i v i t y  with the  use of 
r ad ioac t ive  t r a c e r  methods. 
Y 
1. 
11 PHYSICAL ENVIRONMENT OF MICROORGANISMS IN SOIL* 
A. Introduction 
For t h e  present  purpose w e  def ine  s o i l  as t h e  loose  su r face  l a y e r  
of e a r t h  which supports t h e  various organisms dwelling within.  
is formed by var ious  physical,  chemical, c l imat ic ,  and b io log ica l  f a c t o r s  
and may be represented as a matrix of c o l l o i d a l  systems. The i n e r t  s o l i d  
p a r t i c l e s  a r e  complexes of minerals and organic polymeric substances 
(humus) i n  which a r e  dispersed organic molecules, inorganic salts  and 
ions,  water and gases. Within the s o i l  matr ix  are found micro- and macro- 
organisms i n  v a s t  numbers and of many kinds together wi th  dead roo t s  and 
excrements of soil fauna i n  a l l  s tages  of d i s i n t e g r a t i o n .  
organisms number i n  t h e  b i l l i o n s  p e r  gram of s o i l  i n  a t y p i c a l  f i e l d  s o i l ,  
t he  soil may be regarded a s  a l i v i n g  t i s s u e  (Quastel ,  1946). However, t he  
phys io logica l  and biochemical a c t i v i t i e s  of microorganisms i n  such a hetero- 
genous system must d i f f e r  d r a s t i c a l l y  from those i n  c l a s s i c a l  bac t e r io log ica l  
media. In s o i l  t h e r e  is a po in t  t o  poin t  v a r i a t i o n  i n  concentration of a l l  
so lu t e s ,  and, fu r the r ,  t h e  microbe may usua l ly  be thought t o  be on t h e  verge 
of s t a r v a t i o n .  
The s o i l  
Since micro- 
* 
Submitted f o r  publ ica t ion :  Symposium on t h e  Ecology of S o i l  Bacteria,  
September, 1965, Liverpool, England. 
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2. 
It i s  not  t h e  purpose of t h i s  d i scuss ion  t o  descr ibe  t h e  many 
ecologica l  niches of t he  microorganisms r e s u l t i n g  from t h e  var ious  
chemical, and n u t r i t i o n a l  aspects of t h e  s o i l  environment, but r a t h e r  
t o  consider some of t h e  conditions pe r t a in ing  t o  t h e  s o i l  environment 
which a f f e c t  b io log ica l  processes i n  s o i l .  Inc identa l ly ,  t h e  physio- 
l o g i c a l  and biochemical r e l a t ionsh ips  and a c t i v i t i e s  of microorganisms 
i n  s o i l  environment have been r ecen t ly  reviewed (Alexander, 1964). 
B. The Microenvironment 
Since t h e r e  is a point-to-point v a r i a t i o n  i n  t h e  concentration of 
s o l u t e s  and gases i n  a s o i l  matrix w e  may speak of s o i l  microenvironments. 
These microenvironments c o n s i s t  of volume elements which a r e  commensurate 
i n  s i z e  wi th  an organism i n  question. Furthermore, a t  t h e  sur faces  of the 
c e l l s  of microorganisms themselves, t h e r e  e x i s t s  a molecular environment 
cha rac t e r i zed  by gradations i n  ion concent ra t ions ,  including the  pH, and 
t h e  reduc t ion-oxidat ion po ten t i a l  . 
Microenvironments i n  the  s o i l  are discussed i n  terms of t h e  d ive r se  
ecologica l  conditions a v a i l a b l e  to  t h e  microorganisms. 
A l l  b io log ica l  a c t i v i t i e s  and i n t e r a c t i o n s  are dependent on water, 
which i n  t u r n  is dependent i n  p a r t  on t h e  s o i l  s t r u c t u r e ,  and e spec ia l ly  
c 
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on t h e  s o i l  poros i ty .  
aggregate,  which giver  a s o i l  a tex ture ,  
The u l t lmate  r o l i d  p a r t i c l e s  i n  s o i l  tend t o  
Thur, s o i l  may e x i s t  i n  a 
f i n e l y  dispersed,  dusty r ta te  o r  i n  a form of s o i l  aggregates  of var iour  
s i z e s .  Phys ica l ly  t h e  s t r u c t u r e  may be charac te r ized  by two interdependent 
systems - a l abyr in th  of interconnect ing pores and a mat r ix  of contiguour 
s o l i d  p a r t i c l e s .  
Depending on t h e  composition of t he  mineral  f r a c t i o n  of the  s o i l r ,  
i ts  organic  mat te r  c h a r a c t e r i r t i c r  and on var iour  urternal f a c t o r r ,  a8 
c l imate  and vegetat ion,  t he  soil  may c o n s i r t  of aggregate8 from t h e  rub- 
microscopic s i z e  t o  20 nm and more in diameter. 
show that i n  a cubic  type geanet r ica l  packing of equal r i z e  rpharcr t h e  
pore space is c l o s e  t o  50 per  cent of t he  t o t a l  volume. 
hexagonal type packing giver  a poror i ty  of only about 25 per  cent.  
s o i l  is not  packed i n  a geane t r i ca l ly  hamgeneour manner and it conta ins  
p a r t i c l e 6  of var ious  s i z e s  and rhaper. 
it is i n s t r u c t i v e  t o  subdivide s o i l  po ros i ty  i n t o  intra-aggregate  and 
in te raggrega te  poros i ty .  In  the  intra-aggregate  pores gas concentrat ions 
can d i f f e r  d r a s t i c a l l y  from t h a t  between s o i l  p a r t i c l e s .  
pas tu re  t h e  percentage pore space between p a r t i c l e s  was found t o  be ca. 1% 
( i n  a young l e y  it war only one-fourth as much) (Gadgil, 1963). Tota l  pore 
space may be as high as 30-45$ 
Theore t ica l  conr idera t ions  
S imi l a r i l y ,  a 
However, 
I n  view of what follows, however, 
I n  a permanent 
S o i l  water. 
Examination of the physical r t r u c t u r e  of s o i l  rhowr t h a t  water exists 
i n  the  soil i n  s eve ra l  forms with respec t  t o  i t a  r e t en t ion .  The ro i l -water  
4. 
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relationship with respect to biological activities in soil and the plant 
growth has been lately reviewed by several authors [Black (1957), Marshall 
(1959), Russell and Russell (1961), and Krasilnikov (1961)]. 
Gravitational water moves downwards in the soil under the pull of 
gravitational forces until it reaches subsoil or is retained in soil by 
forces counteracting gravitation. The ability of soil to drain water is 
called soil permeability. 
and it plays a major role in the transport of solutes in soil. 
Gravitational water is available to soil organisms 
The capillary water moves in soi l  by means of capillary forces in 
the s o i l  pores. The smaller the diameter of a pore the higher the water 
rises against the gravitational force according to the equation: h P - 
where h = the height of the capillary liquid column, T = surface tension, 
D zs dsi-isity of the liquid, g P gravitational constant, and r = radius of 
the capillary tube. Pores in soil are of various dimensions and shapes and 
the soil structure greatly influence8 the water movement. 
2T 
Dgr ’ 
In soils with 
large aggregates, water penetrates easily, whereas in soils without aggregates 
the pores are small and the water moves through capillaries slowly but it can 
rise quite high. 
silt (0.01 - 0.002 mn) water can rise to a theoretical height of 150 feet. 
The upward movement of the capillary water is enhanced by the surface evapora- 
tion. 
Keen (1922), for example, has calculated that in a fine 
The capillary water is available to organisms and it also transports 
soil solutes. 
Following removal of capillary water from soil, s m e  water remains on 
This water is held to the clays by osmotic re- and in the soil particles. 
I t  
.. 
. 
1 
duct ion of vapor pressure,  by adsorption and by so lu t ion  i n  polymeric humus. 
Pa r t  of t h i s  water may move a s  a l i q u i d  of higher  v i scos i ty  and lower 
f r eez ing  poin t  than bulk water.  According t o  Low (1$1), who has ex tens ive ly  
examined the  proper t ies  of t h i s  (osmotically he ld )  water a t  c l a y  surfaces ,  t he  
v i s c o s i t y  i s  increased a t  dis tances  up t o  60 t o  100 3 from c l ay  sur faces ,  
depending on the  c l a y  type. 
organisms have t o  e x e r t  a comparatively l a rge  amount of energy i n  order  t o  
a s s imi l a t e  t he  osmotical ly  held water. Various experimental evidence ind i -  
c a t e s  t h a t  the  osmotical ly  held water above a c e r t a i n  energy l eve l  is unaccessi-  
b l e  to plants .  
s i g n i f i c a n t l y ,  but i t  appears t ha t  i t  might have a c e r t a i n  r o l e  f o r  t h e  metabo- 
l i s m  and su rv iva l  of s o i l  microorganisms, although d i r e c t  experimental evidence 
i s  lacking. 
about 10 per  cent  i n  humus-rich s o i l s .  According t o  da ta  co l l ec t ed  by Low 
(1961) it f reezes  a t  temperatures of -7 t o  - 1 7 O C ;  such water held by quar tz  
and montmoril lonite f reezes  even below -25 C. 
Energy cons idera t ions  of t h i s  system show t h a t  
Its a c c e s s i b i l i t y  t o  microorganisms has not  been s tudied  
This water comprises about I p e r  cen t  of sandy s o i l s  and reaches 
0 
The l aye r  of adsorbed water, corresponding t o  a f i lm up t o  perhaps 15  2 
i n  thickness  remains unfrozen a t  very low temperatures. Such t i g h t l y  bound 
hygroscopic water can be mostly removed from s o i l  by heat ing t o  105 C. A l l  
such bound water can be i n  equilibrium with water vapour over a range of 
r e l a t i v e  humidities extending down t o  1 - 5 percent,  which is f a r  below t h e  
range of b io log ica l  interest. 
0 
In b io log ica l  s tud ie s  the  m o i s t u r e  regime has o f t en  been described i n  
terms of moisture content  of s o i l s ,  however, such data  g ive  us l i t t l e  information 
r e l a t e d  t o  the  a b i l i t y  of an organism t o  absorb and u t i l i z e  s o i l  water. 
c 
C 
In  order  t o  u t i l i z e  water, a growing organism must expend energy t o  
remove water from s o i l ,  and t h i s  depends on t h e  types and s i z e s  of the  
s o i l  p a r t i c l e s ,  t he  c h a r a c t e r i s t i c s  of the  aggregates ( s o i l  s t r u c t u r e ) ,  
and on t h e  concentrat ion of the  ions i n  the  water phase. 
energy a t  a p a r t i c u l a r  moisture  content is defined t o  be equal t o  the  
work required t o  remove 1 g water from an i n f i n i t e  volume of soil t o  a 
mass of f r e e  water a r b i t r a r i l y  assigned a t  zero energy. It is  defined 
by a u n i t  of cm water suc t ion  (negative pressure) ,  where 981 ergs/g a r e  
equivalent  t o  1 cm water.  
The water 
The force  needed t o  d ra in  a pore i n  s o i l  is dependent on the  radius  
of t he  cons t ruc t ion  connecting pore t o  pore: 
tension of water, d = dens i ty  of water, g = g r a v i t a t i o n a l  constant,  h i s  
expressed i n  cm water suct ion,  and r - rad ius  of the  pore c o n s t r i c t i o n  i n  cm. 
Water suct ion,  as measured wi th  a tensiometer o r  an equivalent  apparatus,  
may be expressed logar i thmica l ly  by the  pF s c a l e  (Schofield,  1935): 
r = 2s/d gh, where s = sur face  
log pF = x I n  E where R = gas constant ,  T = absolu te  
Mg PO 
temperature, M = molecular weight of l i qu id ,  g = g r a v i t a t i o n a l  constant ,  
and p/po = r e l a t i v e  vapor pressure.  In order  t o  remove water from a 1.5 
micron diameter cap i l l a ry ,  commensurate with the  diameter of bac te r i a ,  a 
suc t ion  of one atmosphere is required.  This i s  equivalent  t o  1000 cm. water 
(pF 3) and a r e l a t i v e  humidity of 99.9 percent (Table 1, Gr i f f in ,  1963). 
In  o the r  words, f o r  t he  organism t o  obta in  water from such a cap i l l a ry ,  a 
f r e e  energy of about a ha l f  ca lo r i e  per  mole of water must be expended; the  
organism can e a s i l y  compete with a p l a n t  roo t  system. Conversely, p l an t s  
show a permanent w i l t  a t  o r  below about 99 p e r  cent r e l a t i v e  humidity and it 
w i l l  be of i n t e r e s t  t o  compare the ex ten t  t o  which some s o i l  microbes can 
withstand drought. 
7. 
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Table 1. Approximate r e l a t i o n  between water suc t ion  and r e l a t i v e  humidity. 
r e l a t i v e  
humidity 
99.9 
99.5 
99.0 
9 . 0  
97.0 
95.0 
90.0 
r e l a t i v e  
PF humidity 
3.1 
3.84 
4.16 
4.45 
4.63 
4.86 
5.17 
85.0 
80.0 
75.0 
70.0 
65.0 
50.0 
PF 
5.36 
5.62 
5.78 
6.00 
5.50 
5.71 
Amount of moisture  i n  s o i l  a t  f i e l d  capac i ty  usua l ly  corresponds t o  a 
suc t ion  of 100 t o  500 cm water (pF 2.0 - 2.7) depending on a p a r t i c u l a r  
soil. 
Actually,  t h e  mechanisms by which the  water is held i n  s o i l  ( cap i l l a ry ,  
osmotic, and hygroscopic water)  operate simultaneously. 
mechanisms concerns the region of water content  i n  s o i l  i n  which the  p a r t i c u l a r  
mechanism dominates. 
t h e  (nega t ive)  suc t ion  pressure  the water i n  any p a r t i c u l a r  region exer t s :  
g r a v i t a t i o n a l  water (not  a t r u e  water holding mechanism by a s t r i c t  d e f i n i t i o n ) ,  
0 - 0.3 atmospheres; c a p i l l a r y  water ,  0.3 t o  about 15 atmospheres; osmotic 
water,  approximately 15 - 150 atmospheres ( t h i s  value is s t rongly  influenced 
by t h e  so lu t e s  p re sen t ) ;  hygroscopic water, above 150 atmospheres. 
comparison i t  may be noted t h a t  143 atmospheres of water suc t ion  is equivalent  
t o  90 per  cent  r e l a t i v e  humidity. 
The d i s t i n c t i o n  of 
These mechanisms may be d is t inguished  by the  energy of 
For a 
8. 
c 
In  t h e  s tud ie s  of b io log ica l  a c t i v i t y  i n  drying and remoistened 
s o i l s ,  i t  should be noted t h a t  the s o i l s  exh ib i t  a so-cal led hys t e re s i s  
phenomenon. 
s o i l  w i l l  e q u i l i b r a t e  with a c e r t a i n  s o i l  moisture content  B 
the  s o i l  is dr ied  fu r the r  and then subjected t o  the  r e l a t i v e  humidity A, 
t he  equ i l ib ra t ed  s o i l  moisture content B w i l l  be l e s s  than B In  some 
s o i l s  t he  d i f fe rence  i n  moisture content  might be considerable,  depending 
on the  treatment (Schofield,  1935). 
I f  a w e t  so i l  i s  dr ied a t  a c e r t a i n  r e l a t i v e  humidity A, t h e  
however, i f  1; 
2 1' 
Microbial  response t o  s o i l  water content.  
Generally,  t h e  add i t ive  e f f e c t s  of tensiometer and osmotic components 
of s o i l  water have been taken t o  c o n s t i t u t e  t he  t o t a l  s t r e s s  aga ins t  which 
an organism must do work t o  absorb water [R-ichrds azd k?ed?cigh, 13j2), 
however, o the r  hydraulic f a c t o r s  a l s o  appear t o  be important (Gingrich and 
Russe l l ,  1957). 
conten t  has been widely s tudied  on an empir ical  l eve l ,  and general ly ,  a 
good c o r r e l a t i o n  has been found: microbial  a c t i v i t y  increases  with increasing 
water  content  t o  about 60 t o  80 per cen t  of t he  water holding capac i ty  and 
decreases  i n  water logged s o i l s  (Se i f e r t ,  1960, 1961; Gondo, 1961). 
The b a c t e r i a l  a c t i v i t y  i n  s o i l  with respec t  t o  moisture 
The maximum a c t i v i t i e s  of microorganisms may depend on the  thickness 
of t h e  water f i lm  surrounding the  s o l i d  s o i l  particles. 
the  optimum thickness  of t he  f i l m  t o  be 20 t o  40 p f o r  Baci l lus  mycoides; 
t h i s  corresponds t o  a pF of a l i t t l e  less than 2 .  
may develop a t  r e l a t i v e  humidities down t o  85 per  cent  o r  less. 
(1959) s tudied  microbial  a c t i v i t i e s  a t  low moisture l eve l s  and showed t h a t  
Rahn (1913) found 
Some s o i l  microorganisms 
Domnergues 
t he  minimal moisture  content  in  s o i l  f o r  c e l l u l o l y t i c  organisms was 1.5 
per  cen t  and glucose u t i l i z i n g  organisms 0.7 per  cent ,  which w a s  considerably 
below the  w i l t i n g  poin t  (1.7 p e r  cent) .  
vu lga r i s  occurs a t  a r e l a t i v e  humidity of 48 p e r  cent  a t  2OoC (Zeuch, 1934). 
This i s  extreme. 
about 8 p e r  cen t  water, a t  a par t ia l  molar f r e e  energy of about 500 c a l o r i e s  
(McLaren and Rowen, 1951). 
enzyme reac t ions  must take p lace  in  the  absence of a l i qu id  water phase and 
a t  very low v e l o c i t i e s  (Ruchti and McLaren, 1964). 
Cell d iv i s ion  of Pleurococcus 
A t  t h i s  r e l a t i v e  humidity a t yp ica l  p ro t e in  contains  only 
If  the c e l l  i s  a l s o  a t  such low water content,  
Avai lable  da t a  f o r  t he  minimal r e l a t i v e  humidity requirements f o r  
growth of s o i l  fungi  have been co l lec ted  by G r i f f i n  (1963). 
most of the fungi  l i e  between 85 t o  95 per  cent  r e l a t i v e  humidity, but  Aspergi l lus  
m s t e l o d m i ,  9. glaucus and A. repecs vegitates a t  70 t o  72 p e r  cent  r e l a t i v e  
humidity and Penicillium glaucum a t  78 per  cent .  
growth decreases by ha l f  a t  94 t o  97 per  cent ,  a s  compared with growth a t  
100 p e r  cen t  r e l a t i v e  humidity. 
Minima f o r  
- 
For most fungi,  however, 
S o i l  so lu t ion .  
The water phase i n  s o i l  carries dissolved compounds of various types 
and forms: inorganic  ions, including t h e  n u t r i e n t  minerals f o r  microorganisms, 
and organic  compounds - t he  metabolic products of t h e  l i v i n g  organisms i n  soil. 
It has been shown t h a t  t h e  s o i l  so lu t ion  contains  a l s o  dispersed co l lo ida l  
material, comprising 5 t o  20 p e r  cen t  of t he  dry weight of t he  so lu t ion  
res idue ;  the  major cons t i t uen t s  of t he  c o l l o i d a l  f r a c t i o n  are of organic 
nature ,  but t h e r e  a r e  a l s o  i ron  and aluminum hydroxides and s i l i c i c  ac id .  
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The amounts and r a t i o s  of the compounds i n  t h e  s o i l  so lu t ion  f l u c t u a t e s  
wi th  respec t  t o  the  c h a r a c t e r i s t i c s  of the  s o i l  type and t h e  cl imate .  Upon 
drying t h e  s a l t  concentrat ion increases and t h e  salts p r e c i p i t a t e  according 
t o  t h e i r  s o l u b i l i t i e s .  
s o i l  so lu t ion  inf luence the  s a l t  s o l u b i l i t i e s ,  e.g., presence of CO increases  
t h e  s o l u b i l i t i e s  of carbonates.  
The composition of d i f f e r e n t  gases dissolved i n  
2 
The s o i l  so lu t ion  i s  t h e  l i qu id  n u t r i e n t  medium for t he  s o i l  micro- 
organisms. 
t i s s u e ,  it is i n t e r e s t i n g  t o  note t h a t  a l ready  i n  1902 Viso t sk i i  has compared 
t h e  s o i l  so lu t ion  t o  the blood of animals. The n u t r i e n t s  found i n  the  
ex t rac ted  s o i l  so lu t ions  of spec i f i c  s o i l s  g r e a t l y  inf luence the  make-up of 
microf lora  found i n  any pa r t i cu la r  s o i l  (Krasilnikov, 1961). 
In connection with Quas te l ' s  no t ion  of the  s o i l  a s  a l i v i n g  
Decrease of soii moisture slot only ? L i f t s  thc avai?sb?e water t o  
microorganisms, but also increases  t h e  s a l t  content  i n  t h e  s o i l  so lu t ion .  
In  so lu t e - r i ch  s o i l s  s p e c i f i c  halophytic populations become establ ished,  
bu t  the  e f f e c t s  of an increase  i n  ion ic  concentrat ions due t o  s o i l  drying 
on microorganisms i n  r egu la r  s o i l s  has been l i t t l e  s tudied .  
Guenzi (1963) have pointed out  t h a t  increas ing  osmotic tension with increas ing  
s a l t  concentrat ion caused a decrease i n  n i t r i f y i n g  a c t i v i t y ,  but t h e  t o t a l  
microbial  a c t i v i t y  was less affected,  and t h a t  microbial  populations showed 
g r e a t e r  s a l t  to le rance  i n  calcareous than i n  non-calcareous s o i l s .  It should 
be noted t h a t  many individual  species of b a c t e r i a  can t o l e r a t e  r e l a t i v e l y  
l a r g e  changes i n  t h e  sal t  concentration. 
Johnson and 
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S o i l  atmosphere. 
The pore space i n  s o i l  i s  e i t h e r  f i l l e d  with a i r ,  as i n  dr ied  s o i l s ,  
o r  f i l l e d  with water, as in  water-logged s o i l s .  In  t he  f i r s t  ca se  a l l  
l i f e  processes p r a c t i c a l l y  cease, in  t h e  lat ter case  anaerobic processes 
predominate. 
f o r  determining the  types of b io logica l  processes i n  s o i l .  Most of the  
soil microorganisms r equ i r e  a c e r t a i n  a i r -water  r a t i o  f o r  t h e i r  maximal 
p r o l i f e r a t i o n  as it was a l ready  noted by Rahn (1913). 
The air-water  r a t i o  in  the  pore space is  of utmost importance 
Gases i n  s o i l  exist i n  th ree  s t a t e s :  (1) a f r e e  state, f i l l i n g  the  
otherwise empty s o i l  pores, (2) dissolved i n  the  water phase and (3) adsorbed 
on t h e  s o l i d  phase. 
The adsorpt ion of t he  atmospheric components by t h e  s o l i d  s o i l  mat ter  
i s  of importance only i n  very dry s o i l s .  With an increase  of moisture the  
si tes f o r  hygroscopic adsorpt ion of water become occupied, and, general ly ,  
t h e  water molecules are adsorbed by the  s o i l  p a r t i c l e s  more tenaciously 
than gases.  
The s o l u b i l i t y  of gases i n  t h e  water phase depends on the  type of gas, 
temperature, the  s a l t  concentration i n  the  water phase, and on t h e i r  partial 
pressures  i n  the  atmosphere. The most so lub le  are gases which become ionized 
i n  w a t e r  so lu t ion ,  as CO 2, "3 and H2S. Oxygen is less so lub le  (0.31 cm 3 
p e r  l i t e r  of water a t  10°C, 760 m Hg), and n i t rogen  the  least so lub le  (0.15 
cm /1 a t  10°C, 760 mn Hg). Because of dissolved electrolites t h e  s o l u b i l i t y  
of gases i n  the  s o i l  water is l e s s  than i n  pure water. 
3 
9 = - 0.66 D f 2 , where 2 = r a t e  of gas d i f f u s  ion ;  
d t  0 
* = p a r t i a l  p ressure  grad ien t ,  
i n  a i r ,  and f = porosi ty .  
t h e  problem of gas d i f fus ion  i n  So i l .  
= c o e f f i c i e n t  of the d i f f u s i o n  of gas dx DO 
C u r r i e  (1962) has reviewed and f u r t h e r  expended 
Generally, oxygen continuously d i f f u s e s  i n t o  t h e  So i l  and CO d i f f u s e s  2 
ou t ;  f o r  p o r o s i t i e s  g rea t e r  than 10 per  cent  by volume of s o i l  t h e  ra te  of 
exchange of oxygen and carbon dioxide with t h e  su r face  atmosphere comes to  
equi l ibr ium t o  a depth of 30 cm i n  about an hour. 
increases  with increas ing  depth and with a decrease i n  the  a v a i l a b l e  
poros i ty .  
cons tan t  a t  21 per  cent  of the  total  pressure.  
soil is  increased and the  ava i l ab le  a i r  pore volume is l e s s  than 10 p e r  c e n t ,  
t h e  above r e l a t ionsh ip  does not  apply, t he  physical  shape of pores b e c m e s  
The r a t i o  of c02/02 
The sum of t h e  p a r t i a l  pressures  of C02 and 0 2 remains n e a r l y  
When the  water conten t  i n  
more important f o r  d i f fus ion  rates, and eventual ly  0 2 concentrat ion approaches 
ze ro  i n  waterlogged s o i l s .  
It should be emphasized t h a t  t he  equi l ibr ium condi t ions between water - 
water vapor - oxygen and C02 in t he  s o i l  pores are g rea t ly  influenced by 
temperature f luc tua t ions ,  including the  d iu rna l  changes. The e f f e c t s  of 
temperature changes on the  e q u i l i b r i a  i n  t h e  soil l i q u i d  and gaseous phases 
with r e spec t  t o  s o i l  organisms have been described by Collis-George (1959). 
. 
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Generally, t he  s o i l  atmosphere d i f f e r s  from the  su r face  atmosphere 
by i t s  higher C02 content,  which i s  formed a t  t h e  expense of 02. Nitrogen 
content  is almost constant .  Besides the  atmospheric gases, t he re  a r e  a l s o  
metabol ica l ly  formed gases,  a s  NH 
formed v o l a t i l e s :  organic ac ids ,  e s t e r s ,  hydrocarbons, e t c .  
CH4, H2S, and a l s o  many b io log ica l ly  3’ 
The rate of d i f fus ion  of oxygen i n  water is about 10,000 times slower 
than i n  a i r .  
on the  thickness of water f i lm  surrounding the  r e s p i r i n g  c e l l s ;  the  d i f f e r e n t  
s o l u b i l i t i e s  of var ious gases a l so  is of importance regarding microenvironmental 
condi t ions.  in water, which is about 30 times more so luble  
i n  water than oxygen, is s t r i k i n g l y  dependent on the  pH of the  s o i l  so lu t ion :  
The a c c e s s i b i l i t y  of oxygen t o  microorganisms is dependent: 
The amount of CO 2 
PH C02k HC0-k 
i n  water in  water 
5.5 
7 
0 
90 
22 
3 
10 
78 
97 
Although n i t rogen  is  of prime importance f o r  ni t rogen-f ixing organisms, 
t h e  n i t rogen  a v a i l a b i l i t y  f o r  microbes i n  s o i l  has been but  l i t t l e  s tudied 
(Shie lds  and Durrel l ,  1964). 
It has been suggested t h a t  the  regime of C02 i n  s o i l  is important not  
only because i t  a f f e c t s  the metabolism of au to t rophic  organisms and inf luences 
t h e  pH a t  the  micros i tes  i n  s o i l ,  but a l s o  because of i t s  p o t e n t i a l  r o l e  as 
a d i f f e r e n t i a l  i n h i b i t o r  f o r  heterotrophes (Alexander, 1964). 
and Davey (1962) have shown tha t  t h e  saprophytic growth of Rhizoctonia i n  
s o i l  was reduced a t  10 t o  20 per cen t  C02 concentrat ion and d r a s t i c a l l y  
Papavizas 
14. 
i nh ib i t ed  a t  10 t o  20 per  cent  C02 concentrat ion and d r a s t i c a l l y  inh ib i t ed  
a t  30 p e r  cen t  concentration. 
the  s o i l  increased the  growth r a t e  of Rhizoctonia s o l a n i  and t h a t  t h e  growth 
rate was a l s o  increased when CO from s o i l  w a s  absorbed by chemical means. 
Newcombe (1960) reported tha t  under CO 
oxysporum germinated f r e e l y  but  f a i l e d  t o  form chlamydospores. 
Blair (1943) found t h a t  forced ae ra t ion  of 
2 
atmosphere conidia of Fusarium 2 
The var ious combined e f f ec t s  of s o i l  s t r u c t u r e ,  water a v a i l a b i l i t y  and 
ae ra t ion  on fungal growth was c r i t i c a l l y  examined and reviewed by G r i f f i n  
(1963) who used a r t i f i c i a l  s o i l  (aluminum oxide g r i t s )  of known pore s i z e .  
Growth was inh ib i t ed  i n  waterlogged condi t ions,  but normal growth appeared 
i f  s u f f i c i e n t  suc t ion  was applied t o  d r a i n  pores wi th in  limits of 16 t o  
550 p diameters, i r r e s p e c t i v e  of p a r t i c l e  s i z e .  
seem t o  be a f f ec t ed  by the suctions used, but its i n t e n s i t y  w a s  g r e a t l y  
reduced when the  pore diameter was reduced l e s s  than 23 p. 
The sporu la t ion  did not  
Sco t t  and Evans (1955) have shown that oxygen rap id ly  disappears no t  
only i n  campletely waterlogged s o i l s  but a l s o  i n  w e l l  s t ruc tu red  and aera ted  
s o i l s  under condi t ions where waterlogged crumbs are present .  
(1924) determined depths t o  which an aerobe, Azotobacter, and an anaerobe, 
Clostridium, could grow i n  w e t  s o i l s ;  a t  a moisture  content of 23% t h e  former 
was l imi t ed  t o  the  extreme surface and the  l a t t e r  was found throughout the  
s o i l .  In view of t he  high concentration of CO found i n  s o i l  a f t e r  r a i n  
(3.5 t o  9,2$), to le rance  of C02, r a t h e r  than of low 0 
d i s t r i b u t i o n  of s o i l  fungi  (Burges and Fenton, 1953). 
Winogradsky 
2 
may determine v e r t i c a l  2 
c 
Recently, from a s tudy of widely d i f f e r e n t  s o i l s ,  i t  has become 
evident  t h a t  the  changeover from aerobic t o  anaerobic metabolism takes 
p lace  a t  an oxygen concentrat ion of less than about 3 x 10 M (Greenwood, 
1961; Greenwood and Berry, 1962). It appears t h a t  water-saturated s o i l  
crumbs l a r g e r  than about 3 nun i n  radius  have no oxygen a t  t h e i r  centers ,  
and, since crumbs of t h i s  s i z e  a re  present  i n  most soils, i t  means t h a t  
micros ites having anaerobic conditions are ubiquitous,  and t h i s  provides 
an explanat ion f o r  t he  un ive r sa l i t y  of s t r i c t  anaerobes. 
processes,  however, abound i n  r e l a t i v e l y  warm, w e l l  ae ra ted  s o i l s .  Contra- 
w i s e ,  i n  r e l a t i v e l y  wet s o i l s  organic matter content  increases  with increas ing  
r a i n f a l l  (Jenny, Bingham, and Padilla-Sarvia,  1948). 
-6 
Oxidative 
A delay i n  n i t r i f i c a t i o n  processes, due t o  anaerobic metabolism 
tak ing  place i n  s o i l ,  has been observed (Brandt, Wolcott, and Erickson, 1964). 
The rate of n i t r i f i c a t i o n  is  enhanced i f  the  crumb diameters are below 1 nun 
( S e i f e r t ,  1962) and an improved s o i l  crumb d ispers ion  with s o i l  condi t ioners  
can increase  t h e  rate of n i t r i f i c a t i o n .  
showed t h a t  i n  s o i l s ,  where aggregates were s t a b i l i z e d  with a s o i l  
condi t ioner ,  t he  n i t r i f i c a t i o n  rate was doubled a t  the  crumb s i z e s  of 0.5 
t o  5 m diameter range, whereas anrmonia accumulation occurred i n  s o i l s  
wi th  crinnb s i z e s  < 0.5 mm in  diameter. 
A similar s tudy by Hagin (1955) 
The ex is tance  of appreciable d i f fe rences  i n  population s i z e  a t  micro- 
s i t e s  within the  s o i l  w a s  demonstrated by the  s tudy of Tyagnii-Ryadno (1958) 
who showed t h a t  considerably l a rge r  numbers of b a c t e r i a  p r o l i f e r a t e  on the  
crumb sur faces  as compared w i t h  t h e  i n t e r i o r  of aggregates.  
16. 
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The l ack  of oxygen i n  anaerobic (waterlogged) condi t ions  is not t h e  
lone parameter determining t h e  type of microflora.  
s e v e r a l  chemical changes can take p l ace  which p o t e n t i a l l y  inf luence  t h e  
make-up of microf lora .  
Mn, and Co compounds, accumulation of Fe  , and decrease of NO and of 
a v a i l a b l e  phosphorus; f a t t y  acids and o the r  ox id izable  organic compounds 
accumulate i n  t h i s  reduced state, and t h e  reduction-oxydation p o t e n t i a l  
decreases.  (Siuta ,  1962, Grechin, 1963). 
With anaerobic condi t ions  
These include increases  i n  s o l u b l e  Ca, Mg, Pe, N i ,  
++ 
3 
Soluble p l an t  and animal residues and products of microbia l  metabolism 
may be t r ans loca ted  and adsorbed on t h e  soil particles i n  micropores 
phys i ca l ly  inaccess ib l e  t o  microorganisms. 
showed that t h e  decomposition of s o i l  organic mat te r  w a s  acce l e ra t ed  when 
t h e  micropores of t h e  aggregates i n  c e r t a i n  s o i l  types were d is rupted .  A 
b u r s t  of microbia l  a c t i v i t y  i n  f r e sh ly  moistened a i r  d r i e d  soils is a w e l l -  
known phenomenon and i n  p a r t  such an  increase  i n  a c t i v i t y  has been ascr ibed  
Rovira and Graecen (1957) 
t o  the  drying e f f e c t  on t h e  organic matter which renders same of t h e  organic 
matter more so lub le  ( G r i f f i t h s  and Birch, 1961). However, a d i s rup t ion  of 
aggregates upon drying thereby making t h e  organic s u b s t r a t e s  access ib l e  t o  
microorganisms when rewetted, may a180 be  a con t r ibu t ing  f a c t o r .  
The oxygen concent ra t ion  d i r e c t l y  a f f e c t s  t h e  red-ox p o t e n t i a l  (%); 
Environmental i n  absence of oxygen the nega t iv i ty  of t he  s o i l  increases .  
l i m i t s  of % ( co r re l a t ed  wi th  pH) f o r  a l a r g e  number of var ious  micro- 
organisms in n a t u r a l  environments has been e s t ab l i shed  by Baas-Becking, 
Kaplan and Moore (1960). 
p o t e n t i a l  per - se is important for  microbia l  a c t i v i t y  o r  is it only a 
However, i t  is not ye t  c l e a r ,  whether t h e  red-ox 
c 
a r e f l e c t i o n  of the oxygen a v a i l a b i l i t y  and t o  the inf luence of reducing 
or  ox id iz ing  compounds on microorganisms. 
Vigorous oxida t ive  processes take  p lace  i n  the sur face  layer  of s o i l  
where oxygen i s  abundant, although as mentioned above reduct ive  anaerobes 
a l s o  develop i n  s o i l  crumbs. In  deeper layers  more reduct ive processes take 
p lace  i n  depleted amounts of oxygen, never the less ,  some oxida t ive  processes 
a l s o  e x i s t  i n  the same deep layers of s o i l .  There i s  no s p e c i f i c  l oca t ion  
of an oxidat ion-reduct ion boundary i n  the s o i l  as a whole, but  r a t h e r  
between micros i tes  i n  the s o i l  microenvironment. Also, a la rge  f r a c t i o n  
of the s o i l  b a c t e r i a l  population is f a c u l t a t i v e  and i t  can adopt i t s  meta- 
b o l i c  processes  t o  a wide range o f  the  p a r t i a l  pressure of oxygen present .  
It is  of i n t e r e s t  t o  note  t h a t  the  s o i l  organic  matter, e spec ia l ly  
18 the  s o i l  humic ac ids  contain s t ab le  f r e e  r a d i c a l s  i n  a range of about 10 
r a d i c a l s  per gram of humic ac id  (S tee l ink  and To l l in ,  1962; To l l in ,  Reid, 
and Stee l ink ,  1963). The f r e e  r ad ica l s  appear t o  be an i n t e g r a l  p a r t  of 
t he  humic ac id  molecular s t ruc tu re ,  and they may c o n s i s t  of a mixture of 
semi-quinone-type r a d i c a l s  and e l ec t ron - t r ans fe r  complexes of quinhydrone 
type. Any inf luence of f r e e  r ad ica l s  on microbial  growth i n  s o i l  i s  unknown. 
The Molecular Environment 
A s  mentioned i n  the beginning, microorganisms l i v e  i n  a complex s o i l  
mat r ix ,  where the s o l i d  phase is  charac te r ized  by descre te  s o l i d  p a r t i c l e s  
having a spectrum of s i ze .  
the  microenvironment r equ i r e s  an examination of  c e r t a i n  c o l l o i d a l  p rope r t i e s  
o f  the organic  and inorganic  sol ids .  
A f u l l  understanding of microbial  behavior i n  
These p rope r t i e s  include adsorpt ion 
c 
of s o l u t e s  and exchange of  ca t ions  and anions,  Donnan equi l ibr ium behavior, 
and o thers .  Considering the scope of  the subject-matter  only some top ics  
of importance f o r  microbial  biology w i l l  be considered here ;  the readers  
a t t e n t i o n  is d i r ec t ed  t o  several exce l len t  review art icles regarding phys ica l  
chemistry of s o i l ,  namely, by Toth (1964), Wiklander (1964), and Babcock 
(1963), among others .  
Ef fec t  of e l e c t r o k i n e t i c  charges a t  i n t e r f aces .  
The c o l l o i d a l  f r a c t i o n  of s o i l  i s  made up of inorganic  c r y s t a l l i n e  
c l a y  p a r t i c l e s ,  organic  decomposed res idues ,  organic mat ter-clay complexes, 
and organic  macromolecules. Any of t he  c o l l o i d a l  p a r t i c l e s ,  e spec ia l ly  the  
c l a y  p a r t i c l e s ,  may be coated w i t h  i ron ,  aluminum, o r  manganese hydroxyde 
ge l s .  
prime importance f o r  the n u t r i e n t  c a t i o n  and anion r e t e n t i o n  and a v a i l a b i l i t y .  
These c o l l o i d a l  p a r t i c l e s  i n  s o i l  have e lectr ic  charges which are of 
S o i l  c o l l o i d s  have negat ive charges. The c l a y  p a r t i c l e s  are very 
s t rong ly  e lec t ronegat ive ;  organic  s o i l  co l lo ids  and the hydroxyde-coated 
c o l l o i d s  are more o r  less amphoteric. I n  an  aqueous phase the negat ive 
charge r equ i r e s  a cloud of ca t ions  f o r  an over a l l  s ta te  of neu t ra l i t y .  
This cloud includes the b io log ica l ly  important H 0 ion. 
+ 
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Hart ley and Roe (1940) derived an  equat ion f o r  the  d i f f e rence  between 
the pH a t  a charged in t e r f ace ,  pHB, and t h a t  of an ad jacent  bulk phase, pH,, 
by a n  app l i ca t ion  of the theory of Debye and H k k e l .  They pointed out t h a t  
the  e l e c t r o k i n e t i c  p o t e n t i a l  ( ze t a  p o t e n t i a 1 , s )  can be i d e n t i f i e d  with the 
p o t e n t i a l  y i n  the neighborhood of a simple ion  a t  the  d i s t ance  of the  
c l o s e s t  approach of another ion,  as considered by Debye and Hkkel .  I n  t h i s  
C 
\ 
sense the ze t a  p o t e n t i a l  determines the  loca l  concentrat ion of ions near 
t he  su r face  of a p a r t i c l e ,  and the hydrogen ion concent ra t ion  near the  
sur face  w i l l  be e-'x'KT times the H concentrat ion i n  bulk. The 
e f f e c t i v e  d i s soc ia t ion  cons tan t  becomes 
+ 
where $ = thermodynamic d i s soc ia t ion  constant  i n  bulk,  E = e l e c t r o n i c  
charge, F = faraday, T = absolu te  temperature, and k = Boltzmann constant.  
0 A t  25 t h i s  equat ion may be r ewr i t t en  as 
or 
pHs = p\ +$/60 
+ 
where pH is  i n  terms of H concentration, no t  a c t i v i t i e s .  No d i s t i n c t i o n  
between concentrat ion and a c t i v i t y  of H 
condi t ions  near n e u t r a l i t y .  
responds t o  hydrogen ion concentrat ion r a t h e r  than a c t i v i t y  has been shown 
elsewhere (McLaren and Babcock, 1959). The las t  equation can be evaluated 
v i a  e l ec t rophore t i c  measurements by subs t i t u t ing ,  fo r  l a rge  p a r t i c l e s ,  the 
Smoluchowski r e l a t i o n s h i p  
+ 
i s  needed i n  bulk under physiological  
That an enzyme ac t ing  a t  a charged sur face  
We thereby a r r i v e  a t  the experimentally usefu l  equat ion 
pHs = pyD + 0.217 CI 
For small p a r t i c l e s ,  Hartley and Roe give a t  25 , 0 
The mobi l i ty  of a par t ic le  CL is reckoned negat ive f o r  motion toward 
7 is an  anode, i n  microns/sec/volt/cm; D is t he  d i e l e c t r i c  cons tan t  and 
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the  v i scos i ty  of the d isperse  medium a t  the same temperature. 
of the  ze t a  p o t e n t i a l  i n  p rac t i ce  extends from the in t e r f ace  of the  c o l l o i d a l  
p a r t i c l e  t o  50 - 150 i n t o  the l i qu id  phase. 
ex is tance  of A pH (equal t o  p% - pH ) i n  b io log ica l  systems have been 
f u r t h e r  considered by McLaren (1960). 
enzymes and bac te r i a .  
The e f f e c t  
Several  consequences of the  
S 
Here w e  concern ourselves  with s o i l  
A wide v a r i e t y  of enzymatic a c t i v i t i e s  e x i s t  i n  s o i l ,  some of which has 
Although the been a t t r i b u t e d  t o  e x t r a c e l l u l a r  enzymes (Skuj ins ,  1966). 
p rec i se  physical  state of the e x t r a c e l l u l a r  enzymes i n  s o i l  i s  poorly under- 
stood, i t  is apparent t h a t  some of the  enzyme p ro te in  molecules are adsorbed 
on sur faces  of the  c o l l o i d a l  s o i l  p a r t i c l e s ;  they may a l s o  e x i s t  i n  some 
type  of covalent ly  bound form with the organic  macromolecular components. 
Inc iden ta l ly ,  c a t a l y t i c a l l y  ac t ive  enzyme der iva t ives ,  covalent ly  bound t o  
organic  po lye lec t ro ly t e  copolymers, have been prepared by Riesel and 
Katchalski,  (1964) and Levin e t  a l . ,  (1964). 
In  s tud ie s  with adsorbed chymotrypsin (McLaren and Estermann, 1957), 
phosphatase (McLaren and Ramirez-Martinez, unpublished r e s u l t s ) ,  and urease 
(Durand, 1964a) on c l a y  p a r t i c l e s ,  o r  with the t ryps in-polye lec t ro ly te  
copolymer (Goldstein,  Levin and Katchalski, 1%4), it is  c l e a r l y  evident  
t h a t  because of the  ion ic  double-layer surrounding the c lay  p a r t i c l e s ,  the 
observed pH maxima of the respect ive enzymatic a c t i v i t i e s  were seve ra l  u n i t s  
higher  than i n  l i q u i d  so lu t ions .  
I n  context  with the  foregoing concepts the  microorganisms themselves 
should be considered a s  co l lo ida l  s o i l  p a r t i c l e s  exer t ing  t h e i r  own f i e l d  
of ze t a  p o t e n t i a l  around the  c e l l s .  Attempts t o  explain the apparent pH 
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a c t i v i t y  s h i f t s  of bac te r i a  adsorbed on s o i l  p a r t i c l e s  s o l e l y  on the b a s i s  
of the H+ ion concentrat ion i n  the double- layers  of the s o i l  p a r t i c l e s  have 
r e s u l t e d  i n  c o n f l i c t i n g  r e s u l t s .  Doubtless, the in t e rp l ay  of e l e c t r o k i n e t i c  
p o t e n t i a l s  of t h e  adsorbing c lay  p a r t i c l e  and t h a t  of the  b a c t e r i a l  c e l l  
should be considered, i . e . ,  a cloud of a h igher  H' concentrat ion e x i s t s  no t  
only around the c l ay  p a r t i c l e ,  but also around the microbial  c e l l  of a 
d i s t i n c t  but  d i f f e r e n t  magnitude. Also, the d i s t i n c t i o n  between the adsorbed 
and the adsorbing p a r t i c l e s  becomes semantic. Lahav (1962), f o r  example, has 
s tud ied  the adsorpt ion of small c lay  p a r t i c l e s  by b a c t e r i a l  cel ls .  
N i t r i f i c a t i o n  i n  s o i l  takes place a t  a hydrogen ion concentrat ion as 
high as pH 4, however, in  so lu t ions  there  i s  no n i t r i f i c a t i o n  below pH 6 
(Weber and Gainey, 1962). 
n i t r i f i c a t i o n  i n  s o i l  and by organisms adsorbed on c a t i o n  exchange r e s i n s ,  
McLaren and Skuj ins  (1963) have shown t h a t  optimum 
i r r e s p e c t i v e  of sur face  change, takes p lace  a t  a pH g rea t e r  than i n  so lu t ion .  
Ha t to r i  and Furusaka (1960) have s tudied  the biochemical a c t i v i t i e s  
of Escherichia - c o l i  and of Azotobacter a g i l i s  (Ha t to r i  and Furusaka, 1961) 
adsorbed on an anion exchange resin.  I n  both cases the peak a c t i v i t y  of 
the adsorbed c e l l s  was a t  a pH greater than t h a t  of the c e l l s  i n  suspension. 
To reso lve  the quest ion of the e f f e c t  of i on ic  environment a t  the 
molecular l e v e l  on the a c t i v i t i e s  of microorganisms more experimental da ta  
are needed. 
around the charged p a r t i c l e s  is o f  importance, but  t h a t  those ions may be 
replaced by o the r s ,  including anionic and c a t i o n i c  species  of the b a c t e r i a l  
subs t r a t e s .  These other  ions may be present  i n  q u i t e  an  excess over the  
H /OH- spec ies  and exert an inh ib i tory  or s t imula tory  e f f e c t  on the  micro- 
organisms. 
+ 
It should be emphasized t h a t  not  only the H and OH- equi l ibr ium 
+ 
I n  these cases, co r re l a t ion  with the pH might be only co inc identa l .  
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The a c i d i t y  (pHb) of s o i l s  has been very ex tens ive ly  s tudied and 
very good empir ical  c o r r e l a t i o n s  with microbial  a c t i v i t i e s ,  ecology and 
pH have been found, Such information, however, does not  t e l l  us very 
much about the inf luence of the hydrogen ion concent ra t ion  on the b a c t e r i a l  
c e l l  within i t s  microenvironment. 
ionized ac id  molecule on microorganisms has been s tudied  i n  general  b a c t e r i -  
ology, but  there  is no information r e l a t i n g  these e f f e c t s  t o  s o i l  microf lora  
(Eno, 1957). Obviously, H exer t s  a d i r e c t  e f f e c t  on a b a c t e r i a l  c e l l ,  bu t  
a t  the same t i m e ,  changes i n  the  hydrogen ion concent ra t ion  i n  the s o i l  
markedly changes the a v a i l a b i l i t y  of var ious inorganic and organic nu t r i en t s .  
Again, only meager da t a  e x i s t  i n  the l i t e r a t u r e  pe r t a in ing  to  the sepa ra t ion  
of these two hydrogen ion e f f e c t s .  
The e f f e c t s  of the anionic  p a r t  of an 
+ 
Sorbt ive  phenomena i n  so i l .  
Typical c o l l o i d a l  p a r t i c l e s  i n  s o i l  e x h i b i t  s t rong  sorb t ive  proper t ies .  
Several  types of i n t e r a c t i o n s  a re  of importance i n  the microbial  s o i l  micro- 
environment: so rp t ion  of microorganisms on s o i l  p a r t i c l e s ;  so rp t ion  of 
c o l l o i d a l  and monomolecular organic n u t r i e n t s  and microbial  metabolic 
products on s o l i d  s o i l  p a r t i c l e s ;  and the a c t i v i t i e s  of adsorbed ex t r a -  
c e l l u l a r  enzymes a t  l i qu id - so l id  in t e r f aces .  
The adsorpt ion of microorganisms by s o i l  and similar s o l i d  p a r t i c l e s  
has  been ex tens ive ly  s tud ied  i n  1920's and 1930's, as reviewed by Estermann 
and McLaren (1959). 
mechanisms involved i n  the adsorption processes.  Tschapek and Garbosky 
(1950) made an  extensive s tudy of Azotobacter adsorpt ion by sur face-neut ra l  
qua r t z  sand, and of the var ious f ac to r s  a f f e c t i n g  it .  
has  presented an  en l igh ten ing  study on adsorpt ion of var ious s o i l  microorganisms 
Some l a t e r  s tud ies  have shed some l i g h t  on the 
Zvyagintsev (1962) 
by c a t i o n  and anion exchange res ins .  Microorganisms of various spec ies  
were adsorbed on an anion exchange r e s i n ,  e s p e c i a l l y  a t  pH values below 
pH 6. 
r e s p e c t  t o  spec ies  occurred on ca t ion  exchange r e s i n  and the ions s a t u r a t i n g  
the  r e s i n  exh ib i t ed  a s t r i k i n g  e f f e c t :  adsorp t ion  took p lace  i f  the ca t ion  
exchange r e s i n  was s a t u r a t e d  with d iva l en t  and t r i v a l e n t  ions o r  H 0 , but 
t he re  was no adsorp t ion  on the r e s i n  sa tu ra t ed  with monovalent ions. 
the adsorp t ion  was dependent on t h e  i n i t i a l  sur face  change on the s o l i d  
p a r t i c l e s ,  the ca t ions  present  i n  the  so lu t ion ,  and on the pH, c o r r e l a t i n g  
n i c e l y  the adsorp t ion  phenomena with our present  understanding of the 
su r face  charge e f f e c t s  of s o l i d  p a r t i c l e s  ( inc luding  microbes) and with the 
double- layer  theory. 
There was no adsorp t ion  a t  a l k a l i n e  pH. S e l e c t i v e  adsorp t ion  with 
+ 
3 
Thus, 
It is i n t e r e s t i n g  t o  note tha t  Lahav s tud ied  adsorp t ion  of c o l l o i d a l  
c l a y  p a r t i c l e s  t o  Bac i l lu s  s u b t i l i s  cel ls  and noted the presence of two 
d i s t i n c t  ce l l  types: the  adsorbing and the non-adsorbing B. s u b t i l i s  c e l l s  
(Lahav, 1962). Zvyagintsev (1959) found t h a t  the adsorp t ion  of bac t e r i a  
on g l a s s  sur faces  i s  s t rong ly  dependent on the taxonomic c h a r a c t e r i s t i c s  
of t he  organisms and t h a t  t he  adsorption is no t  an "a l l  o r  none" propos i t ion  
but v a r i e s  i n  a range from none to very s t rong.  
- 
It has been r a t h e r  d i f f i c u l t  t o  e s t a b l i s h  and t o  d i s t i n g u i s h  the 
numbers, r a t i o s ,  and types of adsorbed and non-adsorbed b a c t e r i a  i n  s o i l s .  
A r ecen t  study of Aristovskaya (1963) ind ica t e s  t h a t  t he  b a c t e r i a l  f l o r a  
of the s o i l  p a r t i c l e s  c o n s i s t s  mainly of a t t ach ing  and creeping spec ies ,  
the major i ty  of which form microcolonies. The non-adsorbed inhab i t an t s  of 
the s o i l  s o l u t i o n  are mostly ind iv idua l  s i n g l e - c e l l  organisms. The 
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adsorpt ion of v i rus  by s o i l  p a r t i c l e s  was noted by Miyamoto (1959), among 
o thers .  
Although i t  i s  genera l ly  recognized t h a t  s o i l  p a r t i c l e s  might adsorb 
a g r e a t  v a r i e t y  of organic compounds, the l i t e r a tu re  contains  r a t h e r  meager 
s p e c i f i c  da ta  i n  t h i s  respect. Aside from the important funct ion of the 
adsorbed organic metabol i tes  a s  nu t r i en t s  f o r  microorganisms, adsorpt ion 
of the organic matter by mineral p a r t i c l e s  might be the f i r s t  s t e p  i n  the 
formation of the b io log ica l ly  res is tant  humus f r ac t ions .  
The adsorpt ion of small organic molecules by c lay  p a r t i c l e s ,  such as 
a n t i b i o t i c s  (Krasi lnikov,  1961), purines  and pyrimidines (Durand, 1964b), 
and amino ac ids  (Putnam and Schmidt, 1959; Greenwood and Lees, 1960) i s  
of i n t e r e s t ;  the adsorp t ion  o f  large c o l l o i d a l  polymers (p ro te ins ,  carbo- 
hydra tes ,  e t c . )  a l s o  must play a l a r g e  r o l e  i n  s o i l  processes.  
P ro te in  molecules, re leased  i n  s o i l  by microbes, s o i l  fauna o r  p l an t  
r o o t s ,  are po lye lec t ro ly t e s ,  i . e . ,  water-soluble ,  ionized polymers. The 
chemical and physical  behavior of these polymer molecules i s  determined by 
the make-up of the polymer chain,  i on iza t ion ,  and van der  Waals forces .  
The adsorp t ion  of macromolecules on s o l i d  sur faces  has been reviewed by 
Si lberberg  (1962a; 1962b) and by McLaren and Peterson (1965). 
Some examples of the influence of adsorpt ion on s o i l  metabolism are 
now discussed.  Goldberg and Gainey (1955) repor ted  t h a t  the  a v a i l a b i l i t y  
of ammonia t o  n i t r i f y i n g  bac te r i a  p r o l i f i r a t i n g  on d i f f e r e n t  soil minerals 
w a s  d i r e c t l y  r e l a t e d  t o  the quant i ty  of unadsorbed ammonia or  t o  the  quant i ty  
of  NH4 
+ 
re leased  from the s o i l  minerals by the ca t ion  exchange mechanism. 
. 
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Ammonium f ixed  by i l l i t e  and bentonite i s  n i t r i f i e d  very slowly. 
the process of n i t r i f i c a t i o n  is fur ther  reduced by a d d i t i o n a l  increase  i n  K 
(Welch and Sco t t ,  1960). 
Inc iden ta l ly ,  
+ 
It appears t h a t  about 35 t o  45 per cent  of the t o t a l  n i t rogen  i n  s o i l  
is i n  the form of polymers containing amino a c i d  res idues  (Bremner 1949, 1955). 
Although the a c t u a l  chemical composition of these polymers i s  unknown much 
of i t  may be adsorbed by c l a y  particles. 
c l a y s  has been s tud ied  by Ensminger and Gieseking (1939, 1941) and by McLaren 
(1954a). 
of t he  amphoteric na tu re  of  the pro te ins  and t h e  r e l a t i v e l y  s t rongly  negat ive ly  
charged c l a y  p a r t i c l e s .  
p r o t e i n  complexes and hydrolyze adsorbed pro te ins .  
chemical k i n e t i c  equations is required t o  handle enzyme reac t ions  on inso luble  
s u b s t r a t e s  (McLaren, 1963). The enzymes may be desorbed from the  complexes 
wi th  a minimal l o s s  of a c t i v i t y  (McLaren, 1954b; McLaren and Estermann, 1956). 
Depending on the  type of p r o t e i n  and on the  experimental conditions a s i n g l e  
monolayer (McLaren, Peterson, and Barshad, 1958) o r  s eve ra l  l aye r s  (Talibudeen, 
1950) of p r o t e i n  may be adsorbed on c lays .  
c l a y s  expand as the p r o t e i n  en te r s  the i n t e r l a y e r  space of the c r y s t a l  
la t t ices  (McLaren, Peterson, and Barshad, 1958; Armstrong and Chesters,  1964). 
The adsorp t ion  of p ro te ins  on 
Generally, p r o t e i n s  a r e  adsorbed on c l ays  i n  a wide pH range because 
P ro teo ly t i c  enzymes may be adsorbed on the  c lay-  
An e n t i r e l y  new form of 
Upon adsorp t ion  of p r o t e i n  the  
. 
Studies  have shown t h a t  no t  only the p r o t e i n  adsorbed on the ou t s ide  
su r faces  on c l a y  p a r t i c l e s  bu t  a l s o  the p r o t e i n  present  i n  the i n t e r l a y e r  
space is u t i l i z e d  by microorganisms, suggesting t h a t  e x t r a - c e l l u l a r  proteo- 
l y t i c  enzymes have access t o  the i n t e r l a y e r  space (Estermann, Peterson, and 
McLaren, 1959). Both stimulatory and r e t a r d i n g  e f f e c t s  of adsorbents on 
the  metabolic rates of b a c t e r i a  have been observed (Estermann and McLaren, 1959). 
For example, Bac i l lus  s u b t i l i s ,  adsorbed on c l ays  r e s p i r e  slower than i n  
f r e e  s t a t e .  Lahav and Keynan (1962), however, have shown t h a t  under 
c e r t a i n  condi t ions  the  r e s p i r a t i o n  of B. s u b t i l i s  i s  enhanced. Macura and 
Pave1 (1959) demonstrated t h a t  the adsorp t ion  of Azotobacter on c lays  
increased the  ra te  of n i t rogen  f ixa t ion .  
coworkers (Estermann, Peterson, and McLaren, 1959; Estermann and McLaren, 
1959) have shown t h a t  adsorbed subs t r a t e  i s  metabolized slower than the 
- 
The s t u d i e s  by Estermann and 
same i n  nonadsorbed s ta te ;  however, monolayers of denatured lysozyme on 
k a o l i n i t e  ware hydrolyzed more rap id ly  by the e x t r a - c e l l u l a r  pro te inases  of 
Pseudomonas and Flavobacterium. The rate  of p r o t e i n  decomposition i n  a 
r e l a t i v e l y  d i l u t e  suspension of  the pro te in-c lay  complex was more r ap id  than 
i n  a t h i c k  pas te .  In  a pro te in-c lay  complex pas t e  B. s u b t i l i s  exhib i ted  a 
prolonged l a g  period although the hydro lys is  of the s u b s t r a t e  p ro te in  occurred 
before  the exponential  growth phase of organisms s t a r t e d  (Skuj ins ,  Estermann, 
and McLaren, 1959). 
ra tes  of p ro te ins  may be retarded.  Nevertheless, i n  nutrient-poor environments 
c l a y s  may ac t  as agents  concentrating the n u t r i e n t s ,  providing easier accessi- 
b i l i t y  t o  microorganisms, and thus showing an  empir ica l  s t imula tory  e f f e c t .  
- 
These s tud ie s  suggest t h a t  i n  s o i l  t he  decomposition 
It is  ev ident  t h a t  t he  type and chemistry of the c l ay  is important 
i n  the s t imu la t ing  o r  r e t a r d i n g  e f f e c t s  i t  might e x e r t  on the a c t i v i t y  of 
t h e  adsorbed enzyme. 
A study of the  bentonite-adsorbed urease by Durand (1964a), mentioned 
++ 
above, showed t h a t  i n  the presence of bentoni te ,  Cu was considerably less 
e f f e c t i v e  as i n h i b i t o r .  A very s t r i k i n g  s t imu la t ion  of u r i case  a c t i v i t y  on 
u r i c  a c i d  was ev ident  when the enzyme was adsorbed on bentoni te  (Durand, 1964b). 
On the  o ther  hand, another r ecen t  s tudy  on the r e t a r d a t i o n  of the p ro teo ly t i c  
a c t i v i t y  i n  presence of c lays  (Aomine and Kobayashi, 1964) showed t h a t  the 
type of c lay  used f o r  adsorpt ion had a d r a s t i c  inf luence on the a c t i v i t y :  
a l lophanic  clays inh ib i t ed  the protease a c t i v i t y  t o  a much g r e a t e r  ex ten t  
than montmor i 1 l o n i  te or ha1 loys i t i c  c lays .  
A very s t r i k i n g  and i n t e r e s t i n g  i n t e r a c t i o n  between c l a y  minerals and 
s o i l  fungi  was examined by Stotzky and Martin (1963). 
pathogenic Fusarium oxysporum f .  cubense was completely co r re l a t ed  with the 
presence of a c e r t a i n  s p e c i f i c  clay mineral  i n  the s o i l .  
t h i s  clay-fungus in t e rac t ion ,  however, i s  not  understood present ly .  
The spread of the 
- 
The mechanism of 
Aside from c lays ,  o the r  c o l l o i d a l  material i n  the s o i l s ,  e.g., water- 
so lub le  cons t i t uen t s  of p l an t  res idues  (Handley, 1961), may s i g n i f i c a n t l y  
inf luence  the a v a i l a b i l i t y  of pro te ins  t o  microorganisms. 
Although, with few exceptions,  p ro te inases  are almost the only enzymes 
which have been s tudied i n  r e l a t i o n  t o  t h e i r  a c t i v i t i e s  on adsorbed subs t r a t e s ,  
i t  should be noted t h a t  o ther  e x t r a c e l l u l a r  enzymes may a c t  i n  the s o i l  environ- 
ment i n  an adsorbed s ta te .  In  a study assoc ia ted  with the l y s i s  of fungal walls 
by the enzymes of s o i l  Streptomyces (Skujins,  Po tg ie t e r ,  and Alexander, i n  
press) i t  was noted t h a t  t he  ex t r a -ce l lu l a r  Streptomycete c h i t i n a s e  is r ap id ly  
adsorbed by the  fungal w a l l  cons t i t uen t  c h i t i n  and degrades i t  (Skuj ins ,  
unpublished da ta ) .  
When consider ing enzyme reac t ions  i n  s o i l s ,  one should be aware of the 
changes the  molecular environment i n  the  s o i l  imposes on enzyme k ine t i c s .  
T e r m s  used i n  t r a d i t i o n a l  enzyme chemistry, such as "moles per  l i t e r" ,  are 
meaningless i n  such s t r u c t u r a l l y  r e s t r i c t e d  systems (McLaren and Babcock, 1959) 
. 
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and equations using mole f r a c t i o n s  in s t ead  of concentrations have been 
developed (McLaren, 1962). Enzymatic k i n e t i c s ,  expressed i n  terms of  mole 
f r a c t i o n s ,  are use fu l  in s t ruc tu res  of  low water content and r e a c t i o n  rates 
on su r faces  and i n  g e l s  may be meaningfully examined. 
D. Surviva l  of Microorganisms and Enzymatic Ac t iv i ty  i n  Dried So i l s .  
Excellent s u r v i v a l  of some microorganisms i n  a i r -d ry  s o i l  is a w e l l  
known phenomenon. The maintenance of s tock  microbiological c u l t u r e s  i n  
d r i ed  s o i l  suspensions is  an  accepted method i n  bacteriology. Non-spores- 
formers, as Nitrosomonas, may be recovered from a i r -d ry  s o i l s  a f t e r  s eve ra l  
years,  wherewith o ther  bac te r io log ica l  maintenance media would f a i l .  
A study of the  su rv iva l  of some 50 fungal i s o l a t e s  i n  f ive-year  o ld  
d r i e d  s o i l  c u l t u r e s  showed a wide range of a b i l i t y  t o  survive. Rhizopus 
n ig r i cans  f o r  example, showed a n  extremely high su rv iva l  capac i ty ,  whereas 
Fusarium oxysporum showing the l e a s t  v i a b i l i t y  (Atkinson, 1954). S tudies  on 
s u r v i v a l  of a lgae  i n  Rothamsted s o i l s ,  kept hermet ica l ly  sea led  i n  an  a i r  
dry s t a t e  f o r  26 t o  73 years ,  showed t h a t  a number of Cyanophyceae, Chloro- 
phyceae and one diatom spec ies  could be recovered ( B r i s t o l ,  1919). We have 
shown t h a t  a f t e r  10 years of s torage,  however, the genera l  population of 
s o i l  microorganisms decrease about 100-fold i .e. ,  from about organisms 
t o  lc5 organisms per gram of s o i l  (unpublished r e s u l t s ) .  
s u r v i v a l  of t he  remaining organisms may be due t o  the  osmotic and hygroscopic 
water p re sen t  i n  the  s o i l s  s tored a i r -d ry .  
Nevertheless, the 
Soulidea and Al l i son  (1961) have shown t h a t  a repeated c y c l i c  a i r -d ry ing  
and wet t ing  of  s o i l s  has a d r a s t i c  e f f e c t  on the  microbial  population, decreasing 
the  v i ab le  microbial  numbers by 855 a f t e r  two drying cyc le s ,  f u r t h e r  drying 
and wet t ing  s t a b i l i z e d  v i ab le  population a t  10 t o  l5$ l eve l .  
Changes i n  the  microf lora  upon drying have been examined by Dorrnnergues 
(1$4) who showed t h a t  i n  the s o i l ,  d r i ed  below pF 5.5 value,  some organisms 
were surv iv ing  very w e l l  (Azotobacter chroococcum), whereas - A. insigna 
disappeared completely and the den i t r i fy ing  microf lora  was considerably de- 
creased. The l e t h a l  a c t i o n  of decreased pF i n  s o i l  was considerably minimized 
by the presence of p r o t e c t i v e  substances, such as c lay .  
I n  the determination of the  enzymatic a c t i v i t i e s  i n  s o i l  the s o i l  
moisture content has been considered neg l ig ib l e  by the ear l ie r  inves t iga to r s .  
However, a l ready  i n  1953 Schef fer  and Twachtmann pointed ou t  t h a t  i nve r t a se  
a c t i v i t y  i n  s o i l  decreased noticeably during the f i r s t  days of a i r -dry ing ,  but 
t h a t  i t  became s t a b i l i z e d  the rea f t e r .  
t h a t  a i r -d ry ing  of s o i l  reduced ca t a l a se  a c t i v i t y  by about SO$. 
Latypova and Kurbatov (1961) indica ted  
Ross (1965) found t h a t  inver tase  and amylase a c t i v i t i e s  were lowered by 
more than 20 per cen t  and 50 per  cent  r e spec t ive ly  i n  a i r - d r i e d  s o i l s ,  a t  
20 C, except i n  some n a t u r a l l y  a r id  s o i l s ,  as compared with values f o r  f r e s h  
s o i l s .  These reduct ions  i n  a c t i v i t i e s  r e s u l t e d  mainly from the i n i t i a l  drying 
which a l s o  reduced the numbers of v i ab le  bac te r i a .  Inver tase  a c t i v i t y  decreased 
on s torage  a t  -20 C bu t  the changes were s l i g h t  over long per iods ;  i n a c t i v a t i o n  
of amylase a c t i v i t y  w a s  g r e a t e r  and increased with prolonged s torage.  
va t ion  was due p a r t i a l l y  t o  the e f f e c t s  of  f r eez ing  and thawing and was more 
pronounced i n  dry  than i n  moist s o i l  samples. 
0 
0 
I n a c t i -  
I 
In  our labora tory  we have observed t h a t  the phosphatase a c t i v i t y  was 
decreased i n  f r e sh  greenhouse s o i l  when the  moisture content  w a s  decreased 
below 10% on an  oven-dried bas i s .  
moisture content  and t o  60-70$ a t  equ i l ib ra t ed  a i r - d r i e d  condi t ions.  
a s i g n i f i c a n t  d i f f e rence  appeared between microbial  numbers i n  f r e sh  s o i l  
and those i n  a i r - d r i e d  s o i l .  I n  a i r -d r i ed  s o i l  numbers of v iab le  bac te r i a  
and fungi  were reduced t o  40% and 75$, respec t ive ly ,  as compared with those 
of f r e s h  s o i l .  
The a c t i v i t y  w a s  reduced t o  90% a t  7% 
Also, 
Upon a i r -dry ing  of soil, a p a r t i a l ,  i r r e v e r s i b l e  inac t iva t ion  of urease 
has  been observed by Vasilenko (1962). 
a 
31. 
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I11 EXPERIMENTAL 
A. Enzyme Ac t iv i ty  i n  Selected T e r r e s t r i a l  S o i l s  
Dehydrogenase, phosphatase and urease a c t i v i t i e s  have been determined 
i n  24 d i f f e r e n t  s o i l s  of i n t e r e s t  i n  e x t r a t e r r e s t r i a l  l i f e  exploration. 
S ingle  methods were used f o r  dehydrogenase and phosphatase, bu t  urease 
a c t i v i t y  was determined by two indiv idua l  methods, analyzing fo r  MI and 
C 0 development,respectively. An attempt has been made t o  q u a n t i t i z e  the 
amounts of enzymes present  i n  the s o i l s .  
3 
14 
2 
1. Materials and Methods. 
a. Methods used i n  the cha rac t e r i za t ion  of s o i l s .  
The pH and the organic matter determinations of the various s o i l s  were 
done following the  methods out l ined  by Pramer and Schmidt (1964). 
Plate  counts were performed on the  d i f f e r e n t  s o i l s  by using the 
d i l u t i o n  method and a yeas t  e x t r a c t  - s o i l  e x t r a c t  medium. The medium 
cons is ted  o f :  glucose, 1.0 g . ;  K2HP04, 0.5 8.; KNO 
100 m l .  ; yeas t  extract ,  1.0 g. ; Bacto-agar, 15 g. The medium was made t o  one 
l i t e r  with tap water and autoclaved f o r  30 minutes a t  15 ps i .  S o i l  extract  
s o l u t i o n  was made from 1 kg. of f resh  garden s o i l  suspended i n  1 l i t e r  of 
water, autoclaved f o r  30 minutes a t  15 p s i  and f i l t e r e d  with bac te r io log ica l  
f i l t e r s .  The c l e a r  f i l t r a t e  w a s  used i n  the medium. One gram samples of 
s o i l  were d i l u t e d  t o  and 10 d i l u t i o n s  with s t e r i l e  water and 
1 m l  of the d i l u t e d  s o i l  suspension was p la t ed  with the cooled l i q u i d  medium 
i n  p e t r i  d i shes .  
incubat ion  a t  room temperature. 
0.1 g. ;  s o i l  e x t r a c t ,  
3’ 
-6 
Pla t e  counts of a l l  co lonies  were performed a f t e r  4 day 
37. 
b. Enzymatic methods. 
Dehydrogenase a c t i v i t y  was determined according t o  the method of 
Kozlov (1963), except t h a t  smaller s o i l  samples were u t i l i z e d .  
Thunberg tube was added 5 m l  of a 0.54 water s o l u t i o n  of 2.3.5 t r ipheny l t e t r a -  
zo l iun  ch lor ide  and 0.5% glucose or 5 m l  water fo r  cont ro ls .  
was added one gram of the soil sample. The tube was sea led  with the cap and 
repea ted ly  evacuated and f i l l e d  with n i t rogen  gas t o  remove oxygen. The s o i l  
and s u b s t r a t e  or  water were mixed and incubated without shaking i n  a cons tan t  
temperature water bath a t  25 C f o r  24 hours. 
per iod the t r iphenyl te t razol ium formazan was ex t r ac t ed  with two 5 m l  washes 
of methanol and the s o i l  s l u r r y  f i l t e r e d  through Whatman No. 12 folded f i l t e r  
paper. The concentrat ion of the red formazan i n  the f i l t r a t e  was determined 
photometr ical ly  i n  a Klett-Sunmrerson photometer using the blue No. 42 f i l t e r .  
The values were obtained from a standard curve of t r i pheny l t e t r azo l ium formazan 
i n  methanol. 
To a s t e r i l e  
To the tube cap 
0 A t  the end of the incubation 
Phosphatase a c t i v i t y  was determined following the procedure of Moss (l%l) 
and as f u r t h e r  developed f o r  a s o i l  assay by J . R .  Ramirez (unpublished) of t h i s  
labora tory .  
phosphate and 3 m l  of water or  5 m l  of water fo r  cont ro ls .  The mixtures were 
incubated without shaking f o r  s i x  hours i n  a cons tan t  temperature water ba th  
a t  25OC. 
No. 12 folded f i l t e r  paper and 1 m l  of the  f i l t r a t e  was added t o  2 ml 0.2 N 
NaOH and d i l u t e d  t o  100 m l .  The concentrat ion of p-naphthol was determined 
by f luorescence i n  a Brice-Phoenix l i g h t  s c a t t e r i n g  photometer, and the values 
were obtained from a s tandard curve of @-naphthol. 
w a s  360 - 370 q~ and the  emission wavelength was measured a t  425 IW peak. 
To one gram samples of s o i l  were added 2 m l  of 0.005 M Na-@-naphthyl- 
Following incubat ion t h e  so lu t ions  were f i l t e r e d  through Whatman 
The e x c i t a t i o n  wavelength 
Urease a c t i v i t y  by the ana lys i s  of the  re leased  NH The Conway procedure 
To the  inner r i n g  of a s ter i le  
3' 
was used as out l ined  by McLaren e t  r l .  (1957). 
Conway d i sh  was added 1.0 m l  of 0.02 M H SO 
i n  the  outer  r i n g  and e i t h e r  1.5 m l  of d i s t i l l e d  water o r  s u b s t r a t e  s o l u t i o n  
was added. 
o r  0.05 M urea i n  0.05 M phosphate buffer  pH 6.55, respec t ive ly .  
add i t ion  of the subs t r a t e  ( o r  water so lu t ion  fo r  con t ro l s ) ,  the dishes  were 
A 0.5 g soil sample was placed 2 4' 
Two separate subs t r a t e  so lu t ions  were used: 0.01 M urea i n  water, 
Af te r  
s ea l ed  with stopcock grease and g lass  p l a t e s t and  incubated f o r  various lengths  
of time (3 t o  6 hours) a t  room temperature. 
per iod 1 m l  of a 10s KOH so lu t ion  was added t o  the outer  r i ng ,  the tubes re- 
sea led  and incubated fo r  addi t iona l  3 hours. 
then removed with one 2 m l  wash of 0.2 N %SO4 and ammonia was determined by 
Ness le r iza t ion  using 1 m l  of sample, 1 m l  0.2s 
and 1 m l  of Nessler's reagent.  
the  Klett-Surmrrerson photometer by using the  No. 42 f i l t e r .  
A t  the  end of the  incubation 
The center  w e l l  contents  were 
gum acacia ,  7 m l  of water, 
The amnonia concentrat ion was determined with 
14 Urease a c t i v i t y  by C 0 analysis. Apparatus: the self-contained rad io-  
a c t i v e  gas counting chamber, used with Forro type GM gas flow tube a t  ambient 
a i r  pressure,  as described i n  the  F i r s t  Semiannual Progress Report. 
2 
14 
To 1.0 g of s o i l  i n  a steel planchet was added 10 mg C -urea, containing 
l ~ & ~  (Max. ava i l ab le  27,650 c.p.m. i n  the  counting chamber), and 0.5 m l  
of K-acetate, pH 5.5, 0.05 M. 
chamber and the  rate of C 0 2 
des i r ed  in t e rva l s .  
The planchet  was placed i n  the counting 
14 development was recorded as counts per minute a t  
Phosphatase standard.  The a c t i v i t y  assay of a puref ied pota to  ac id  
phosphatase (Pentex, Inc. ) waa done following the procedure out l ined  i n  
39. 
Sigma Technical Bu l l e t in  No. 104. 
a c t i v i t y  of 0.02 Sigma u n i t s  per mg of so luble  protein.  
The enzyme prepara t ion  w a s  found t o  have an 
This same phosphatase 
prepara t ion  w a s  used f o r  a determination of pure phosphatase a c t i v i t y  on B-naph- 
thylphosphate. me procedure followed the Sigma method except t h a t  the  subs t r a t e  
was changed from p-nitrophenylphosphate (10 p moles / l i t e r )  t o  p-naphthylphosphate 
(0.005 M); the a c t i v i t y  was determined t o  be 0.06 p moles of p-naphthol re leased  
per  minute per mg of enzyme (A Sigma u n i t  equals  1 p mole of p-nitrophenol 
re leased  per hour per mg of enzyme). 
Urease s tandard f o r  the Conway method (NH determination).  Urease a c t i v i t y  3 
assay w a s  performed on a powdered NF urease prepara t ion  (Nu t r i t i ona l  Biochemicals 
Corporation) following the procedure out l ined  i n  the Worthington Biochemical 
Corporation Catalogue. The preparat ion had an a c t i v i t y  of 3 Worthington u n i t s  
per  mil l igram of protein.  The same prepara t ion  w a s  used i n  place of s o i l  i n  the 
Conway procedure. 
r i n g  wi th  e i t h e r  s u b s t r a t e  or water. This procedure showed the  prepara t ion  t o  
have 0.05 Worthington u n i t s  pe r  milligram protein.  
One m l  of a 0.15 m g / m l  enzyme so lu t ion  w a s  added t o  the  outer  
14 
urease a c t i v i t y  i n  s o i l  a s  an equivalent  t o  a weight i n  grams of urease present  
per  gram of s o i l ,  a c r y s t a l l i n e  urease prepara t ion  (Worthington Biochemical Co. ), 
suspended i n  water, was adsorbed on a syn the t i c  s o i l  (50s kaolin,  NF, ac id  washed 
+ 50s c e l i t e ,  a n a l y t i c a l  grade),  d r ied  i n  vacuum a t  room temperature and t r ea t ed  
with (?‘-urea s i m i l a r i l y  t o  na tura l  s o i l  as described above. A “standard curve” 
of urease a c t i v i t y  i n  the  s o i l  was obtained. 
n a t u r a l  s o i l s ,  were co r re l a t ed  with t h i s  standard i n  order  t o  express the r a t e s  
i n  terms of weight of urease per weight of s o i l .  
Urease s tandard i n  s o i l  f o r  the C O2 method. I n  order  t o  express the 
The r a t e  values,  obtained from 
Summary. The enzymatic methods are summarized i n  Table I. 
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Table I: Enzymatic Methods f o r  Soi l  Analysis 
Method of 
Enzyme Reaction Catalyzed Determination Sens It i v i  t y  
Dehydrogenase Triphenyltetrazolium Chloride Photometric 2 x M 
+ 2H' +Triphenyltetrazolium 
formazan + HC1 
Phosphatase Na-@-naphthy lphosphate @-naphthol M 
-3 fluorescence p-napthol + PO4 
Urease Urea +2 NH + C02 3 a )  NH -conway lo-? M 3 
b)  C 14 0 -gaseous < 0.0091 
w/cm 2 radiometr ic  
C. So i l s .  
The c h a r a c t e r i s t i c s  of the s o i l s  used i n  t h i s  p ro jec t  are shown i n  Table 11. 
The four s o i l  types from Pt .  Barrow, Alaska, a r e  of spec ia l  i n t e r e s t  
because they are permafrost  s o i l s .  
No. 4 s i l t  layer  overlying the buried organic mat ter ,  No. 3. Both samples 
have been subjected t o  seasonal freeze-thaw cycles .  
a very old bur r ied  s o i l  and sample No. 7 is a buried s l i v e r  of pea t  which has 
been permanently frozen. 
No. 3 and No. 4 a r e  from the  same s i te ,  
Sample No. 6 represents  
The Hilgard s o i l  series have been co l l ec t ed  i n  the state of Ca l i fo rn ia  
around the turn  of the century. T h e e  s o i l s ,  co l lec ted  under the  d i r e c t i o n  of 
E.W. Hilgard, have been s to red  and l e f t  undisturbed s ince  t h e i r  co l l ec t ion .  
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Table 11: Charac te r i s t i c s  of Soi l s .  
W t .  l o s s  PH Micro- 
upon i n  1:l organisms 
i g n i t i o n  water per  gram 
S o i l  Descr i p  t i o n  k suspension ( p l a t i n g )  
#- 
Aiken 
Columbia 
Dublin 
YO10 
Sta t en  
Agr icu l tura l  
Creek 
Annanah , I raq  
Twairaj, I raq  
P t .  Barrow, No.3 
P t .  Barrow, No.4 
P t .  Barrow, ~ 0 . 6  
P t .  Barrow, N 0 . 7  
Hilgard 1 
Hilgard 2 
Hilgard 3 
Hilgard 4 
Hilgard 5 
Hilgard 6 
Hilgard 7 
Hilgard 8 
* 
Hilgard 9 
Hilgard 10 
Hilgard 11 
Hilgard 12 
a i r -d ry ,  s to red  6 yrs., 
a i r -d ry ,  s tored  6 yrs. ,  
a i r -d ry ,  s tored  6 yrs., 
a i r -d ry ,  s to red  6 yrs. ,  
f r e sh  peaty muck 
f r e sh  loam 
f re sh  sandy loam 
d e s e r t  s i l t  loam 
d e s e r t  s i l t  loam 
buried peat ,  8715 f 250 
s i l t  overlaying N0.3 ,  same age 
buried,  approx. 32,OOO y r s .  old 
buried peat ,  9550 f 240 yrs .  old 
Coachella Valley, 1st foo t  
Coachella Valley, 3rd foot  
Victorville-Mojave Mesa, 1st f t .  
Victorville-Mojave Mesa, 3rd f t .  
Bishop-Owens Valley, 1st f t .  
Bishop-Owens Valley, 3rd f t .  
Bakersfield-Kern River Delta, 
B a e I s f h l d - K e r n  River Delta, 
T u l a r e  Experiment S t a . ,  1st f t .  
Tulare Experiment Sta . ,  3rd f t .  
c lay  subsoi l  
f i ne  sandy loam 
adobe c l ay  loam 
s i l t  loam 
years o ld  
3rd f t .  
a l k a l i  
13.5 
7.5 
14.5 
9.3 
44.7 
13.3 
6.3 
18.8 
18.8 
53.2 
7.1 
14.1 
48.0 
13.4 
11.6 
1.7 
3.1 
2-  3 
1.8 
8.8 
3.3 
5.0 
9.8 
5.8 
6.8 
5.7 
7.0 
7.4 
6.1 
7-0 
7.4 
7.8 
6.0 
5.9 
6.3 
6.3 
7.9 
8.0 
8.1 
8.3 
7.6 
8.3 
6.8 
7.2 
99 9 
8.6 
San Bernardino-Victorvil le Trac t ,  4.4 7.6 
San Bernardino-Vlctorvil le Tract ,  4.2 7.8 
1st f t .  
3rd f t .  
2 x 10’ 
105 
5 6 x 10 
105 
1.8 107 
7 4 x 10 
7 3 x 10 
6 7.6 x 10 
7.8 x io 6 
4 
4 
4 
8 
10 
10 
10 
1.2 x 10 
Y 
A l l  Hilgard s o i l s  have been s tored  a i r -d ry  approximately 70 years.  The microbial  
c h a r a c t e r i s t i c s  of these s o i l s  are being examined by Roy E. Camcron of Jet Propulsion 
Laboratory, Pasadena, Cal i forn ia .  
2. Resul t s  and Discussion. 
a.  Dehydrogenase. 
The results of the dehydrogenase determination i n  various s o i l s  a r e  shown 
i n  Table 111. 
A measurable dehydrogenase a c t i v i t y  was shown t o  e x i s t  only i n  the 
reasonably f r e sh  s o i l s .  
Hilgard s o i l s  and i n  the old P t .  Barrow s o i l s ,  except fo r  the permafrost s o i l  
No. 7. 
There was no dehydrogenase a c t i v i t y  i n  the s tored  
Though Stevenson (1959) has reported high r a t e s  of dehydrogenase a c t i v i t y  
h i s  da ta  include e f f e c t s  of microbial  p r o l i f e r a t i o n  due t o  the  i n  s o i l s ,  
prolonged incubat ion periods.  We have shown t h a t  incubation of a s o i l  sample 
with water overnight increased the microbial  count by a f ac to r  of th ree  and 
incubat ion with t r iphenyl  tetrazolium chlor ide  by a f ac to r  of e ight .  
increase  is accomplished without any organic  matter addi t ion ,  and under 
l imi ted  oxygen a v a i l a b i l i t y .  Using a more s e n s i t i v e  assay, Guilbault  and 
Kramer (1964) uses  f luorescent  reagents,  thus o f f e r ing  the opportunity t o  
measure dehydrogenase a c t i v i t y  i n  s o i l  i n  a s h o r t  period of t i m e ,  when 
inf luence of microorganisms is lese. 
This 
the  
b. PhosDhatase. 
The resul ts  of the determination of phosphatase a c t i v i t y  i n  var ious soils 
a r e  shown i n  Table I V .  The phosphatase a c t i v i t y  was shown t o  e x i s t  i n  a l l  
s o i l s  a t  t h e i r  na tu ra l  pH, except i n  the  g rave l ly  desert and a l k a l i n e  No. 9 
Hilgard s o i l s  and i n  the P t .  Barrow s o i l  No. 6. 
similar t o  the  urease a c t i v i t y  determinations ( see  below). 
These r e s u l t s  are genera l ly  
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Table 111. Dehydrogenase Ac t iv i ty  on Soi l s .  
* 
Soi l  H+ re leasedlhr lg  s o i l  e s  t ima ted 
P I *  mg enzyrne/g s o i l  
Aiken .085 2.4 x 
Columbia 070 2.0 x 
Dublin .120 3.4 x 
YO10 137 3.8 x 
-6 
Agricu l tura l  .181 5.2 x io  
.250 6.9 x Creek 
Annanah .094 2.6 x loW6 
Twaira j .125 3.5 x 
Sta ten  none - 
P t .  Barrow 3 none - 
- Pt .  Barrow 4 none 
- P t .  Barrow 6 none 
P t .  Barrow 7 .156 
A l l  Hilgard So i l s  t races  
4.4 x 
- 
* 
The dehydrogenase a c t i v i t y  is based on the  u n i t  rate of alcohol  
dehydrogenase (Worthington Biochemical Co. Catalogue, 1963). 
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Table IV. Phosphatase Activity in Soils 
Soil 
p-naphthol/min/g soil 
p moles 
Aiken 
Columbia 
Dub1 in 
YO10 
Agricultural 
Creek 
Annanah 
Twa ira j 
0.0042 
0.0035 
0.0240 
0.0057 
0.0110 
0.0042 
0.0028 
0.0013 
Staten 
Pt. Barrow No. 3 
Pt. Barrow No. 4 
Pt. Barrow No. 6 
,Pt. Barrow No. 7 
Hilgard 1 
Hilgard 2 
Hilgard 3 
Hilgard 4 
Hilgard 5 
Hilgard 6 
Hilgard 7 
Hilgard 8 
Hilgard 9 
Hilgard 10 
Hilgard 11 
Hilgard 12 
0.0057 
0.0160 
0.0048 
none 
0.021 
.W18 
.0016 
none 
none 
.0021 
.0012 
.0042 
.0028 
none 
,0007 
.0016 
-0035 
It should be noted t h a t  the experimental samples i n  our a s say  were not  
d i s turbed  during incubation. 
r e su l t s )  has shown t h a t  a g i t a t i o n  of the  samples during incubation increases  
the r e s u l t s  of phosphatase a c t i v i t y  approximately 10-fold i n  the same s o i l s  
and by using the same subs t r a t e .  
J. Ramirez of t h i s  labora tory  (unpublished 
c. Urease. 
NH development). Two sepa ra t e  experimental conditions -3 
were used: 1) urea incubated with s o i l  i n  water suspension ( i . e . ,  a t  the 
n a t u r a l  pH of the s o i l ) ,  and 2)  urea incubated with s o i l  i n  a K-phosphate 
b u f f e r ,  0.05 M, pH 6.55. 
of  s o i l ,  based on the  u n i t  rate a c t i v i t y  of the  powdered NF urease  prepara t ion ,  
and are shown i n  Table V. 
The r e s u l t s  are expressed as mg of enzyme per gram 
CO development (C 14 0 determination). - 2  2 The r e s u l t s  of the  urease 
14 a c t i v i t y  determinations i n  various s o i l s  by measuring the rate of C 
developnaent i n  the  se l f -conta ined  C 1 4 0  gas  counting chamber (Figure 5) are 
shown i n  Table V. 
s o i l  per gram of a i r  d r i ed  s o i l ;  the values are based on a standard curve 
obtained from a c r y s t a l l i n e  urease a c t i v i t y  i n  a s y n t h e t i c  s o i l .  
O2 
2 
The r e s u l t s  have been expressed as mg of urease  present  i n  
The co l l ec t ed  da ta  show t h a t  t h e r e  e x i s t s  a l inear  C 14 0 development 
2 
. rate i n  a l l  s o i l s  up t o  a t  least  3 hours (Figure l A ) ,  a f t e r  which t i m e  a 
sigmoidal increase  of ra te  ind ica t e s  microbial  p r o l i f e r a t i o n  (Figure 1) 
14 The urease a c t i v i t y  is based on a n  increase  i n  C cpm per minute (&pm/m) 
14 during the  f i r s t  100 minutes of  the l i n e a r  C 0 development rate.  These 
r e s u l t s  are shown i n  Table V I ,  and they have been co r rec t ed  f o r  the C O2 
2 
14 
Soi l  
Aiken 
Co 1 umb i a  
Dublin 
Dublin, i r r a d  
5 M rad. 
Y O 1 0  
Agr icu l tura l  
Creek 
Annanah 
Twaira j 
S ta t en  
P t .  Barrow 3 
P t .  Barrow 4 
P t .  Barrow 6 
P t .  Barrow 7 
Hilgard 1 
Hilgard 2 
Hilgard 3 
Hilgard 4 
Hilgard 5 
Hilgard 6 
Hilgard 7 
Hilgard 8 
Hilgard 9 
Hilgard 10 
Hilgard 11 
Hilgard 12 
Table V. Urease Ac t iv i ty  i n  Soi l s .  
NH, determinations - Conway method 
mg enzymeig s o i l  x 10-6 
3 
in water suspension 
t r aces  
t r aces  
5.1 
not  de t .  
0.4 
2.4 
0.8 
2.6 
2.7 
1- 5 
0.8 
none 
none 
0.7 
none 
none 
0.05 
none 
0.55 
none 
1.1 
0.65 
0.28 
none 
0.45 
0.23 
~ ~- 
i n  pH 6.55 buffer  
t r aces  
t r aces  
8.0 
not  det .  
t r aces  
4.0 
1.3 
8.3 
5.0 
16.6 
12.5 
none 
none 
10.0 
0.7 
none 
0.45 
none 
0.68 
0.85 
1.3 
0.45 
0.45 
0.45 
0.80 
none 
14 C 0 determination 2 
not de t .  
not det .  
825 
1250 
not  det .  
260 
not  de t .  
100 
99 
not  det .  
105 
31 
630 
5.7 
6.7 
none 
30 
none 
78 
21 
195 
47 
none 
none 
61 
none 
I 
Soil A cpm/m 
Dublin 14.85 
Dublin, irrad. 5 M rad. 30.70 
Agricultural 3.32 
47. 
Soil A cpm/m 
0.07 Hilgard 1 
Hilgard 2 0 
Hilgard 3 0.31 
14 Table VI. Rates of C 0 Development in C14-Urea Amended Soils 2 
Pt. Barrow 7 10.20 Hilgard 9 0 
Annanah 
Twaira j 
Hilgard 7 + Cu++ 0.11 
Hilgard 7, autoclaved 0.11 
Hilgard 9, autoclaved 0.10 
Hilgard 11, autoclaved 0.03 
++ 
Hilgard 11, + Cu 0.21 
1.05 
1.04 
Hilgard 11 0.63 
Hilgard 12 0 
Hilgard 4 0 
Hilgard 5 0.82 
Pt. Barrow 3 1.10 I Hilgard 6 0.22 
Pt. Barrow 4 
Pt. Barrow 6 
0.33 
0.06 
Hilgard 7 2.24 
Hilgard 8 0.49 
Control Values 
* 
The translation of rates into the mg of urease per gram of soil is 
shown in Table V. 
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development due t o  non-biological hydrolysis  of urea (ave. A cpm/m = 0.10). 
The obtained r e s u l t s  with the C 14 0 method show the following: 
2 
1. The minimal quant i ty  of urease which can be determined by the  present ly  
developed method is  about 5 x g of urease per gram of s o i l .  
2. Enzymatic a c t i v i t y  (" f ree  enzyme") may be dis t inguished from the enzymatic 
a c t i v i t y  due t o  microbial  p r o l i f e r a t i o n  ( l i n e a r  r a t e  vs. sigmoidal r a t e ) .  -
14 3. Various b io log ica l  phenomena, assoc ia ted  with C O2 r e l ease  from an 
appropriate  subs t r a t e ,  may be followed with t h i s  method, e.g. ,  re invas ion  
of s t e r i l i z e d  s o i l  (Figure 2); the  i n i t i a l  r a t e  (Figure 2 A )  is equivalent  
t o  the a c t i v i t y  of the  contaminating inoculum (0.1 g Dublin s o i l ) .  
4. The urease a c t i v i t y  i n  the 80 year old d e s e r t  s o i l s  i s  assoc ia ted  with 
presence of organic  matter and a l k a l i n i t y .  There is neg l ig ib l e  urease 
a c t i v i t y  i n  alkaline s o i l s  and i t  decreases with a decreasing organic 
matter content.  The urease a c t i v i t y  i n  the 32,000 years old P t .  Barrow 
soil  No. 6 is s t a t i s t i c a l l y  uncertain.  
5 .  As has been indicated before (McLaren e t  a l ,  1957),urease i s  r ad ia t ion  
r e s i s t a n t  and i ts  a c t i v i t y  increases  upon r a d i a t i o n  s t e r i l i z a t i o n  ( c f .  
Dublin s o i l s ) ;  the increase may be caused e i t h e r  by d i f fus ion  of s u b s t r a t e  
and r eac t ion  products through the  c e l l  wal ls  of dead organisms, or  due t o  
the f r e e  urease released in to  the s o i l  from the d i s in t eg ra t ing  dead organisms. 
6. The b io log ica l  c a t a l i s t s  which hydrolyze urea i n  s o i l  may be inac t iva t ed  
with the  add i t ion  of urease i n h i b i t o r s  (Cu 
++ ) o r  by autoclaving the s o i l .  
The low urease values (as compared with the  CI4O2 method) obtained by the 
Conway method - NH determination, may be caused by severa l  f a c t o r s :  1) the  3 
45. 
Conway d i f fus ion  time was kept shor t  - 3 hours - because considerable urea 
decomposition takes place upon prolonged contac t  with concentrated KOH, 
2)  i n t r i n s i c  d i f f i c u l t i e s  i n  determining the " t rue" a c t i v e  urease content  i n  
the powdered NF prepara t ion ,  which was used a s  a standard fo r  t h i s  method, 
3) Some NH 
y i e l d  t o  KOH e x t r a c t i o n  under our conditions a s  indicated i n  the review by 
Por t e r  (l965), and notwithstanding the  methods developed by Bremner and Shaw 
(1955). 
t 
may be trapped i n  the s o i l  inorganic  f r a c t i o n  which does not 4 
Further  work i s  i n  progress t o  evaluate  these r e s u l t s .  
14 Our r e s u l t s  show t h a t  the C 0 method i s  a s e n s i t i v e  and r e l i a b l e  
2 
method f o r  evaluat ing b io log ica l  urea transformations i n  s o i l .  
d. Comments on urease a c t i v i t y  i n  soils. 
Urease a c t i v i t y  i n  s o i l s  was ex tens ive ly  examined i n  e a r l y  1940s by 
Conrad (1940-1944) by using Marshal's method. 
s o i l  enzymology i n  the l a s t  decade seve ra l  new methods have been developed 
f o r  the determination of urease a c t i v i t y  i n  s o i l s :  
amnonia (Hofmann and Schmidt, 1953; Scheffer and Twachtmann, 1953), xanthhydrol 
(Kuprevich, 1951, Vlasyuk e t  a l ,  1956), o r  p-dime thylbenzaldehyde (Por te r ,  1965) 
f o r  the r e s idua l  urea, and Conway's microdiffusion method fo r  ammonia (McLaren 
With an increased i n t e r e s t  i n  
t i t r a t i o n  of re leased  
e t  a l ,  1957). 
The urease a c t i v i t y  i n  the s o i l  appears t o  be co r re l a t ed  i n  general  with 
the  number of s o i l  microbes i n  s o i l  (Anderson, 1962; Chin and Kroontje, 1963) 
and the a c t i v i t y  is  increased a l so  with increasing organic matter content  
(Balicka and Sochacka, 1959); however there  e x i s t s  f r e e  urease i n  s o i l s ,  which 
may be ex t r ac t ed  (Briggs and Segal, l963), and i t  might be possible  t o  d i s t ingu i sh  
the  a c t i v i t i e s  of a "free" urease and the  same assoc ia ted  with microbial  
metabolism (Anderson, 1962). Rae urease exis ts  a l s o  i n  manures (Weyland, 
1957) ' 
It has been ind ica ted  t h a t  the maximum a c t i v i t y  of s o i l  urease is a t  
pH 6.5 t o  7.0 (Hofmann and Schmidt, 1953), i n  a l k a l i n e  s o i l s  urease a c t i v i t y  
decreases considerably,  and the a c t i v i t y  is decreased a l s o  i n  carbonate r i c h  
s o i l s ,  apparent ly  due t o  the  detrimental  e f f e c t  of Ca on urease producing 
organisms (Galstyan, 1958). By adsorption of urease on c lays ,  the  a c t i v i t y  
shows a pronounced s h i f t  towards a higher pH value (Durand, 1$4), a s  expected 
according t o  t h e o r e t i c a l  considerations (c f .  P a r t  I1 C, t h i s  repor t ) .  
++ 
Upon a i r  drying of s o i l  a pa r t  of the  urease a c t i v i t y  i s  i r r e v e r s i b l y  
inac t iva ted  (Vasllenko, 1962). Urease is a l s o  inac t iva ted  by prolonged 
hea t ing  of s o i l ,  but a subsequent r e a c t i v a t i o n  might occur, which has been 
ascr ibed  t o  the  metabolic a c t i v i t i e s  of the  surviving and germinating spores  
(Koepf, 1954). 
Urease i n  s o i l  is very s t a b l e  towards s t e r i l i z a t i o n  of s o i l  by high 
energy i r r a d i a t i o n  (McLaren e t  al,  1957; Van Niekerk, 1964) and the urease 
behavior i n  s o i l ,  s t e r i l i z e d  i n  t h i s  manner, m y  be conveniently s tud ied  i n  
absence of microbial  a c t i v i t y .  
The adsorpt ion of the subs t r a t e  fo r  urease,  urea,  i s  neg l ig ib l e  i n  the 
s o i l  (Broadbent e t  a l ,  1958). 
B. The Urea-Urease Svstem 
1. Pe r t inen t  Information on Urea and Urease. 
The following information is presented i n  add i t ion  t o  the previously 
submitted review (Semiannual Progress Report, March 9, 1965) on urea and urease.  
a.  Urea. 
It has been shown by S.L. Miller (1955, 1957) t h a t  urea i s  a l i k e l y  
component of the  preb io logica l  organic compound mixture on e a r t h ;  i t  might 
have been implicated i n  the  amino acid formation i n  pr imi t ive  conditions (Fox, 
1963). 
f o r  e x t r a t e r r e s t r i a l  carbon-based l i f e  de tec t ion .  Inc iden ta l ly ,  urea has been 
produced by e l e c t r i c a l  discharge experiments i n  a carbon dioxide-amnonia 
atmosphere a l ready  i n  189 (Solvay). 
Therefore, i t  is of i n t e r e s t  t o  use urea as a "primit ive subs t ra te"  
b. Urease. 
E.C. N r .  3.5.1.5, urea amidohydrolase (Report of the Comnission on Enzymes 
of the In t e rna t iona l  Union of Biochemistry, 1961). Ureases from d i f f e r e n t  
sources a r e  d i f f e r e n t  p ro te ins  tha t  may be d is t inguished  immunologically o r  by 
o the r  methods (Dixon and Webb, 1964, p. 652). 
Urease i n  s o l u t i o n  e x i s t s  in  two d i f f e r e n t  forms which a r e  i n  equi l ibr ium 
with each o the r ;  both forms a r e  enzymatically a c t i v e  but  t h e i r  a c t i v a t i o n  
energ ies  d i f f e r ;  hea t ing  of a urease so lu t ion  favors  the  form with a lower 
a c t i v a t i o n  energy. According t o  S izer  (1943) urease has an a c t i v a t i o n  energy 
of 8700 c a l  i n  reduced form and 11700 c a l  i n  the  oxidized form. Kiatiakowsky 
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and Lumry (1949) have re inves t iga ted  the r eve r s ib l e  a c t i v a t i o n  of urease with 
mild reducing agents.  
heavy metals is exemplified by the  experimental r e s u l t s  which show tha t  urease 
is inac t iva ted  i f  4 Ag' ion8 are bound per  urease molecule (M. M t .  480,000) 
(Ambrose e t  a l ,  1951). 
The high s e n e i t i v i t y  of urease towards i n h i b i t i o n  by 
The ion iza t ion  cons tan ts  of the a c t i v e  c e n t e r ( s )  of urease have been 
shown t o  have the following values:  
pKe of the urea-urease system: 9.0 
pKes of the  urea-urease system: 
-
6.1, 5.6, 9.0 ( d i f f e r e n t  au thors )  - 
PKe 
pKes = - log 
= - 108 10 of the ion iza t ion  constant  of the a c t i v e  s i te  
of the enzyme-substrate complex. 
The underlined values  have been determined from the measurements of V (ve loc i ty  
of enzyme reac t ion  when r a tu ra t ed  with s u b s t r a t e ) ;  o ther  valuer determined 
from the  K 
and Webb, 1964, p. 469-470). 
(Michaelis conr t en t )  values ( f o r  de t a i l ed  i n t e r p r e t a t i o n  c f .  Dixon -m 
2. Urease Ac t iv i ty  i n  Saturated Urea Solutions.  
A. 
(as described i n  Semiannual Progrcrr Report, 9-3-65) we have determined t h a t  
the  decrease of urease a c t i v i t y  versus increased urea concentrat ion appears t o  
be a l i n e a r  funct ion i r r e spec t ive  of o ther  r e a c t a n t s  present  (Figure 3). 
Upon fu r the r  i nves t iga t ion  of urease a c t i v i t y  i n  sa tu ra t ed  urea so lu t ions  
Present  a n a l y t i c a l  procedure8 are not s u i t e d  fo r  the examination of urease 
a c t i v i t y  i n  sa tu ra t ed  urea ro lu t ion r ,  and the following new methods are being 
developed : 
x 
53. 
1. P rec i se  moisture cont ro l  chambers, 
2. Sol id  s t a t e  C 0 de tec t ion  apparatus(cf.  Request fo r  funds, March 18, 1965). 14 - 2 
3. Examination of urease a c t i v i t y  in  l i qu id  media with cont ro l led  water 
conten t ,  e.g. ,  g lycero l  ( c f .  Kistiakowsky e t  a l ,  1952, regarding s t a b i l i t y  
of c r y s t a l l i n e  urease i n  a glycerol  suspension). 
- 
3. Decomposition of Urea a t  Elevated Temperatures. 
Work is  i n  progress t o  obta in  da ta  on urea s t a b i l i t y  and t o  determine 
the thermodynamic behavior of any urea decomposition products a t  e levated 
temperatures. 
Method: One hundred milligram ramples of vacuum dr ied ,  ion exchange 
column pur i f i ed  urea a r e  sea led  i n  g l a s s  tubes and heated i n  o i l  baths a t  
des i r ed  temperatures fo r  15 hours. Two sets of samples a r e  present ly  analyzed: 
Se t  1. - Sealed a t  the  ambient air pressure ;  S e t  2 - Sealed a t  30 mm Hg pressure.  
Af te r  heat ing the  samples a r e  analyzed fo r  the developed annaonia by the semi- 
micro ion exchange column method ( c f .  previous Semiannual Report). The amonia  
r e l e a s e  is shown i n  Figure 4. 
-
The r e s idua l  urea is analyzed by subjec t ing  i t  t o  urease ac t ion .  Any 
urease- inhib i t ing  substances present  would decrease the  "b io logica l ly  ava i lab le"  
amount of r e s idua l  urea,  thus giving the desired r e s u l t s .  
urea and o ther  decomposition products are i n  progress.  
t h a t  a t  125OC about 75$ of urea remains access ib le  t o  urease. 
Analysis of r e s i d u a l  
Present  r e s u l t s  i nd ica t e  
It should be noted t h a t  a literature search f o r  information regarding 
thermodynamic behavior of urea a t  low pressures  and i n  water-less systems gave 
negat ive r e s u l t s .  
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